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Abstract 
Streptomyces clavuligerus is a gram positive filamentous bacterium that 
produces clavulanic acid, a potent P-lactamase inhibitor that prevents 
development of resistance to P-lactam antibiotics by pathogenic bacteria. S. 
clavuligerus is unable to utilise glucose or other sugars therefore alternative 
carbon sources such as glycerol are used by the industry for production of 
clavulanic acid. Here, the possibility that S. clavuligerus can use food-based oils 
is tested, since they have benefits such as low price and anti-foam properties, 
and often lead to higher antibiotic yields. The process of oil utilisation was initially 
optimised in shake flasks and after use of various food-based oils olive oil was 
found to give the highest clavulanic acid levels. An olive oil-containing medium 
was used for S. clavuligerus fermentations in a laboratory-scale bioreactor. 
Samples from olive oil- and glycerol-containing cultures were collected every 12 
or 24 h and monitoring of the medium components was performed. Biomass 
levels were similar in both culture media, however clavulanic acid yield was 
higher with olive oil than glycerol. 
In an attempt to elucidate the mechanism of oil utilisation by S. 
clavuligerus the macromolecular/ elemental composition of the biomass and the 
enzyme activity of key metabolic enzymes were analysed. In addition, 
intracellular metabolites were tentatively identified and quantified by liquid 
chromatography-mass spectrometry (LC-MS) and gene expression profiles in 
olive oil and glycerol-grown cells were compared by DNA microarrays. 
Biochemical and transcriptomic results were eventually combined in a model for 
oil utilisation by S. clavuligerus, focused on the reactions leading from 
triacylg lyce rides to the precursors for clavulanic acid biosynthesis. 
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Chapter 1: 
Introduction 
1.1 Streptomvces clavultqeru 
Streptomyces clavuligerus is a Gram-positive aerobic and filamentous bacterium. 
The genus Streptomyces is classified within the Actinomycetales, which are a 
class of bacteria that are often found in the soil, but also include other genera 
such as Mycobacterium, Corynebacterium and Micrococcus (Kieser et al., 2000). 
Streptomycetes are responsible for the production of approximately 50% of the 
antibiotics used against human and animal infections and they are also known to 
produce anti-tumor, immuno-suppresant and insecticide compounds (Paradkar et 
al., 2003). S. clavuligerus, which was first isolated from a South American soil 
sample (Higgens and Kastner, 1971), overall produces at least 21 secondary 
metabolites, including several antibiotics, such as clavulanic acid (CLA), 
cephamycin C, deacetocephalosporin C and penicillin N (Ives and Bushell, 
1997). 
Streptomycete genomes are unusually large (-9 Mb) for bacteria, with a 
high G+C content (>70%), in the form of linear chromosomes. The majority of 
streptomycetes also contain plasmids, both linear and circular (Kieser et al., 
2000). To date, only the genornes of Streptomyces coelicolor (Bentley et al., 
2002), Streptomyces avermitilis (Ikeda et al., 2003) and Streptomyces griseus 
(Ohnishi et al., 2008) have been sequenced, however the sequencing of more 
Streptomyces species, such as Streptomyces scabies (Sanger Institute, UK), is 
in progress. 
The life cycle of streptomycetes on solid media is very similar to that of the 
1 
fungi. Spores give rise to vegetative mycelia that then develop aerial hyphae, 
which ultimately form spore chains that aid the dispersal of the bacterium in the 
environment (Figure 1.1). The formation of aerial hyphae is triggered by extreme 
conditions, such as starvation or dehydration and overlaps with the production of 
secondary metabolites, such as antibiotics (Chater et al., 2002). 
1.2 Antibiotic Production bv S. clavulýqerus 
1.2.1 Antibiotics produced by S. clavuliqerus 
S. clavuligerus is a very important species for the pharmaceutical industry, since 
(A) spore chains 
single spore 
germ tubes 
1,11RI 
- 79. 
substrate mycelia -........ 
aerialhyphae 
Figure 1.1. (A) The morphology of S. clavuligerus in liquid medium (stained with crystal violet, 
x750) and (B) the life cycle of streptomycetes. The single spore germinates to allow the 
emergence of one or two germ tubes. These then develop to substrate mycelia on solid media. 
Then aerial hyphae grow, which change gradually in shape and eventually develop spore 
chains (Kieser et al., 2000). 
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it is responsible for the production of two very useful antibiotics, namely 
clavulanic acid and cephamycin C (Figure 1.2). Clavulanic acid is a potent 0- 
lactamase inhibitor that was first isolated and characterised by Brown et al. 
(1976). P-lactamases are enzymes that are produced by a wide range of 
pathogenic bacteria, such as Neisseria gonorrhoeae and Haemophilus 
influenzae to inactivate P-lactarn antibiotics, such as penicillin and cephalosporin. 
This inactivation occurs by cleavage of the C-N bond in the P-lactarn ring of the 
antibiotic by the P-lactamase. Clavulanic acid also contains a P-lactarn ring 
(Figure 1.2), which mimics the ring of the antibiotic, irreversibly binding and 
inhibiting the action of P-lactamases, leading to the formation of a stable acylated 
intermediate (Haginaka et aL, 1981). In addition, clavulanic acid has moderate 
antimicrobial activity against Streptococcus pneumoniae and Legionella 
pneumophila, where it acts in synergy with other P-lactam antibiotics to enhance 
antibacterial activity (Finlay et al., 2003). Clavulanic acid is commercially 
available in combination with amoxicillin and ticarcillin and inhibits resistance 
against these antibiotics (Finlay et al., 2003). 
Cephamycin C is a P-lactarn antibiotic, which is highly resistant to P- 
lactamases, thus it is considered a very important antibiotic for treating infections 
by bacteria resistant to common P-lactam antibiotics. Improved cephamycin C 
derivatives, such as cefoxitin have a broad antibacterial spectrum in vivo and in 
vltro that includes all strains of cephalosporin-sensitive bacteria and the majority 
of cephalosporin-resistant bacteria (Mickal et al., 1980). 
3 
S. clavuligerus also produces deacetocephalosporin C and penicillin N, which are 
intermediates in the cephamycin C biosynthetic pathway (MaImberg et aL, 1993). 
P-lactam ring P-lactam ring 
u 
LZ-OH gT, -> N« 
0 3--OH 
0 
Fýc 
0 
H 
N 
HO 
N 00"s 
'Y NFý 00 
HO? 
0 
0 
Figure 1.2. (A) Structure of clavulanic acid (McGowan etal., 1998) and (B) 
cephamycin C (MaImberg et al., 1993). 
1.2.2 Clavulanic acid biosynthesis 
1.2.2.1 Biosynthetic pathway for clavulanic acid production 
The biochemical reactions of the pathway for the biosynthesis of clavulanic acid 
are well characterised (Figure 1.3). 
In the first step of the reaction glyceraldehyde-3-phosphate and L-arginine 
are condensed into N 2_(2-carboxyethyl)-arginine (CEA) by the enzyme CEA 
synthase (CEAS) (Figure 1.3). The formation of a P-lactam ring is then catalysed 
by the enzyme P-lactam synthase (P-LS) to form deoxyguanidino proclavarninic 
4 
acid (DGPC) (Townsend, 2002). Clavarninic acid synthase (CAS) then 
hydroxylates deoxyguanidinoproclavaminic acid to guanidinoproclavaminic acid 
(McGowan et al., 1998). Guanidinoproclavarninic acid is in turn converted to 
proclavarninic acid by proclavarninic acid hydroxylase (PAH) through the 
hydrolysis of the guanidine side-chain of the molecule (Liras and Rodriguez- 
Garcia, 2000). 
carboxyethylarginine POJýR 
synthase NH synihetase NH 
glyceraldehyde-3 P04 HN 
A 
NH2 HN 
A 
NH2 
+ 
)MI. H02C HNY. -ý 10- 
04FDNy-N__. 
l 
H 2N 
NH2 
C02H COZH 
)r 
deoxyguanidino 
NH N2 -(2-carboxyethyl)-arginine C02H proclavaminate 
L-arginine cla=inic acid 
NH synthase 
PN 
H12 HN 
A 
NH2 
0 y; ---, C02H 
pmciavaminic acid guanidinoproclavaminic acid 
amidino 
nic acid clavaminic ac d 
7 synthase ,, AO synthase NH2 
QH NH2 
NH2 
0N 
C02H C02H C02H 
proclavaminic acid dihydroclavaminic acid davaminic acid 
clavulanate-9-aldehyde reductase 
OH 
0 ilii 
%t 
C02H 
clavulanic acid 
Figure 1.3. The biosynthetic pathway of clavulanic acid in S. clavuligerus. (Jensen et 
al., 2004b). 
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Next, CAS converts proclavarninic acid to dihydroproclavarninic acid and 
dihydroproclavarninic acid to clavarninic acid (Townsend, 2002). Finally, at the 
last two steps of the biosynthetic pathway, clavaminic acid is converted to 
clavaldehyde by an unknown process and clavaldehyde is in turn reduced to 
clavulanic acid by clavulanate-9-aldehyde reductase (CAR) (Liras and 
Rodriguez-Garcia, 2000; Jensen et al., 2004b). 
1.2.2.2 Genes involved in clavulanic acid production by S. clavulýqeru 
The genes that are involved in the biosynthesis of clavulanic acid and 
cephamycin C are located on the chromosomal DNA of S. clavuligerus and are 
organised in two prod uct-specific gene clusters. These two gene clusters are 
adjacent in the genome and form a 'supercluster' for antibiotic production in S. 
clavuligerus (Ward and Hodgson, 1993) (Figure 1.4). 
The study and the characterisation of these genes started in the mid- 
nineties, with the aid of the fast advancing techniques in molecular genetics, 
such as gene cloning and DNA sequencing. Hodgson et aL (1995) cloned eight 
genes responsible for clavulanic acid production in S. clavuligerus and 
sequenced five of them, which were then characterised in terms of gene function. 
The genetic organisation of the clavulanic acid gene cluster has been 
surnmansed by de la Fuente et al. (2002). The cluster starts with orf2 to orf5. 
These four genes code for the first four enzymes necessary for the biosynthesis 
6 
of clavulanic acid: CEAS, P-LS, CAS and PAH respectively. There are two CAS 
isoenzymes, encoded by genes cas2 (orf4) and casI, which is located outside 
the clavulanic acid gene cluster (Mosher et al., 1999, Jensen et al., 2004b). 
Gene orf6 encodes an enzyme with high amino acid sequence similarity to 
ornithine acetyltranferase (OAT). Purified ORF6 was able to catalyse the 
reversable transfer of an acetyl from N-acetylornithine to glutamate, via a 
mechanism that involves acetylation of the P-subunit of the enzyme (Kershaw et 
aL, 2002). CEAS, P-LS, PAH and OAT are also encoded by paralogue genes 
(ceasl, b1sI, pahl and oatl) located in a cluster outside the clavulanic acid gene 
cluster (paralogue cluster; Jensen et aL, 2000). Gene orf7 encodes an 
oligopeptide permease protein (Lorenzana, 2004). Gene orf8 codes for ClaR, a 
regulatory protein that increases clavulanic acid production but strongly 
represses cephamycin C synthesis. When it was disrupted, the mutants 
produced no clavulanic acid and accumulated clavarninic acid, indicating that 
ClaR controls genes that are involved at the late stages of clavulanic acid 
biosynthesis (Liras and Rodriguez-Garcia, 2000). Gene orf9 codes for CAR, the 
1110 1110,11" '11111M I, 
* k L. A 
M* no 
- -F TI 
___N -- __, 
q 4m NO 
COOS bis CSS2 p4h orf6 orf 7 cl&R cm cyp4d 
a oirf 
12 13 14 15 Is 17 18 19 
1 kb 
Figure 1.4. The genes of the clavulanic acid gene cluster (de la Fuente et al., 2002). The 
black arrows show the orientation of the open reading frame (orf). Each orf is labelled with the 
name of the enzyme it codes for or an assigned number. 
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last enzyme of the biosynthetic pathway. Gene orflO encodes a cytochrome 
P450 protein and orfl Ia ferredoxin. It has been suggested that they act as an 
enzymic complex for oxidative reactions, however their role in the biosynthesis of 
clavulanic acid is not clear yet (Jensen et aL, 2000; Li et al., 2000). 
Mellado et al. (2002) characterised the genes orf12-orfI9. The product of 
orf12 is similar to a P-lactamase protein in Streptomyces cattleya (Jensen et al., 
2004a). ORF13 is similar to an export pump protein in Ecoli and could be 
involved in the transport of metabolites of the clavulanic acid biosynthetic 
pathway; ORF14 is similar to an acetyltransferase, which could be involved in 
antibiotic resistance of the bacterium. Its disruption decreased clavulanic acid 
production significantly; ORF15 is similar to a peptide-transporting protein of S. 
clavuligerus (47%) or an oligopeptide binding protein of S. coelicolor (35%); 
ORF16 is similar to a hypothetical protein of Streptomyces hygroscopicus; 
ORF17 is an enzyme catalysing the synthesis of N-glycyl-clavarninic acid, a 
compound that accumulates in S. clavuligerus orf15 and orf16 knock-out 
mutants and suggested to be a possible clavulanic acid pathway intermediate 
(Arulanantham et al., 2006); and the products of orf18 and orf19 are similar to a 
penicilin-binding protein (PBP) of S. coelicolor, which could be involved either in 
P-lactam resistance or in cell wall synthesis. Jensen et al., (2004a), agreed with 
the results mentioned above, with the exceptions of ORF13, which was found to 
be 43% similar with a Shigella flexeri metabolite efflux pump and ORF15, which 
was found to be 39% similar to a S. coelicolor oligopepticle binding protein. 
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As it is understood from the results mentioned here, the function of several 
of the last seven genes in the clavulanic acid cluster is not very well established 
and especially for orf16, there is no function assigned at all, apart from the 
suggestion that the conserved hexapeptide 375 LPRTGE 380 could be responsible 
for anchoring proteins to the cell wall (Mellado et al., 2002). Obviously, further 
study is necessary before coming to conclusions. 
Apart from ClaR, another very important regulatory protein for clavulanic 
acid biosynthesis is CcaR. The gene encoding CcaR is found at the cephamycin 
C cluster and it is essential for the synthesis of both antibiotics, something that 
was confirmed by mutation studies. Complementation of the gene restored the 
ability of the mutants to produce the two antibiotics, while its amplification 
increased production of clavulanic acid and cephamycin C up to 2- to 3-fold. 
CcaR is produced before antibiotic production takes place. (Perez-Llarena et al., 
1997). 
It is possible that other proteins are involved in the regulation of antibiotic 
biosynthesis by S. clavuligerus. For example, it was shown that expression of 
the ccaR gene is dependent on BIdG protein, a putative anti-anti-a-factor that is 
known to regulate both aerial hyphae formation and antibiotic production in S. 
coelicolor. Disruption of b1dG in S. clavuligerus resulted to defective antibiotic 
production and morphological differentiation. Absence of CcaR and ClaR was 
also noted, indicating that BIdG controls the expression of the two regulatory 
proteins and thus indirectly affecting antibiotic production. BldG is the first protein 
found to act upstream of CcaR and ClaR in this regulatory cascade (Bignell et al., 
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2005). CcaR also binds to its own promoter, autoregulating its expression 
(Santarnarta et a/., 2002). Lastly, factors ReIA ((p)ppGpp synthetase) that is 
involved in the synthesis of (p)ppGpp, an inducer of stringent response during 
starvation and RpIK (ReIA-interacting ribosomal protein), were recently shown to 
have negative and positive effect on clavulanic acid biosynthesis, respectively 
(Gomez-Escribano et al., 2008; Gomez-Escribano et al., 2006). 
1.3 Lipid substrates for antibiotic synthesis by actinomycetes 
1.3.1 Carbon sources used for antibiotic production by actinomycetes 
Actinomycetes are able to utilise a wide variety of carbon sources for growth and 
production of secondary metabolites. The most usual ones are carbohydrates, 
such as glucose, fructose or maltose (Dekleva et al., 1985). Glycerol and fatty 
acids are also used as carbon substrates (Ives and Bushell, 1997; Banchio and 
Gramajo, 1997), while amino acids (i. e. valine, lysine) can be utilised as both 
carbon and nitrogen sources (Borodina et aL, 2005; Romano and Nickerson, 
1958). In addition, organic acids, such as acetate or succinate (Borodina et al., 
2005) can support sufficient growth and antibiotic production. However, the 
industry often uses low-cost complex substrates such as flours, extracts from 
yeast or meat, and vegetable oils that contain a variety of nutrients that is often 
difficult to define. 
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1.3.2 Stored lipids and antibiotic production in actinomycetes 
The importance of lipids for antibiotic production is considered to be very high 
(Pacter and Olukoshi, 1995) and a considerable amount of research has been 
focused on the accumulation of neutral lipids, especially triacylglycerides, in 
antibiotic-producing bacteria growing with sugars as carbon source. 
There are several pieces of evidence linking lipid accumulation with 
antibiotic production. Firstly, Grafe et al. (1982) isolated cellular lipids from non- 
streptomycin-producing Streptomyces griseus and compared the lipid profile with 
that of the wild-type strain. Significant differences were observed in intracellular 
lipid ratios, with the wild-type having five times more stearic acid and four times 
more linoleic acid than the non-streptomycin-producing mutant. 
Inhibitors of lipid biosynthesis in S. avermitilis cultures altered the 
intracellular fatty acid composition and the common precursor of fatty acid 
biosynthesis, 2-methylbutyryl-CoA, was diverted from the biosynthetic pathway of 
fatty acids to that of the anti-parasitic compound avermectin, resulting to 
increased avermectin production (P%ezanka et al., 1992). 
The localisation of the triacylglycericle storage globules in Streptomyces 
coelicolor and Streptomyces fividans was studied, by use of transmission 
electron microscopy (TEM), freeze fracture/freeze etch procedures and light 
microscopy, neutral lipids were found accumulated in large membrane-bound 
globules (Figure 1.5), which occupied the 80% of the cell volume, only during the 
stationary phase, not earlier. The fact that lipid accumulation occurs after glucose 
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exhaustion and is followed by antibiotic production suggests that these lipid 
reserves could act as a carbon source for antibiotic production (Pacter and 
Olukoshi, 1995). 
Ad 
Figure 1.5. Lipid globules in Streptomyces fividans. Membrane (m) surrounds lipid 
droplets (ld). Bar- 0.2pm (Pacter and Olukoshi, 1995). 
Further proof for establishing the role of triacylglycericle reserves in 
antibiotic production was provided by Shim et al. (1997). This group found that 
during the late growth phase of S. coelicolor A3(2), lipase activity increased, in 
contrast to isocitrate dehydrogenase activity which decreased. Isocitrate 
dehydrogenase is an enzyme of the tricarboxylic acid (TCA) cycle, which is 
crucial for energy generation. This decrease in isocitrate dehydrogenase activity 
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shows that the degraded neutral lipids are not used for energy generation but 
probably act as precursors for actinorhodin biosynthesis. 
Accumulated tri acylg lyce rides also have other roles in the cell. The 
possibility of these neutral lipid globules acting as energy reserves is unlikely, 
since other storage materials such as glycogen and/or trehalose usually play this 
role (Shim et al., 1997). Glycogen is also used as carbon source for sporulation, 
whereas trehalose, which is important for protecting cell membranes from 
desiccation can also be used as a carbon source for germination (Shim et al., 
1997). However, neutral lipids are thought to be important for maintaining the 
integrity of plasma membrane during stationary phase (Olukoshi and Pacter, 
1994). Finally, studies on the actinomycete Micromonospora echinospora 
showed that high lipid levels are linked with both antibiotic production and 
sporulation (Hoskisson et aL, 2001). 
1.3.3 Oils as carbon source for antibiotic production by Streptomyces spp. 
Although most actinomycetes catabolise a wide variety of sugars, S. clavuligerus 
is not able to utilise simple carbohydrates, such as glucose, because of an 
impaired glucose uptake mechanism (Garcia-Dominguez et al., 1989). A 
commonly used carbon source for clavulanic acid synthesis by S. clavuligerus is 
glycerol, often used in combination with arginine as nitrogen source (Aharonowitz 
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and Demain, 1978, Mayer and Deckwer 1996; Kim et al., 2001; Chen et al., 
2003). 
The reason for using oils instead of glycerol is that they have several 
advantages, of both economic and practical nature. Firstly, vegetable oils are 
cheaper than carbohydrates or glycerol, something that is very important for 
industrial production (Large et al., 1998). Secondly, oils prevent the development 
of foam in fermentation vessels, thus preventing growth inhibition (Gottschalk et 
al., 2003; Jones and Porter, 1998). Furthermore, the fact that oils contain 2.4 
times more energy than glucose on a weight by weight basis is often considered 
responsible for the achievement of higher antibiotic yields (Stowell, 1987; Jones 
and Porter, 1998). Lastly, Eiki et al. (1988) suggested that oils are excellent 
extractors of antibiotics such as josamycin, which is partitioned into the oily 
phase and easily separated from the culture medium. 
Disadvantages of the use of oils include the fact that there is often oil 
residue at the end of the culture due to limited interaction of the bacteria and the 
lipid droplet (Large et aL, 1998). This problem is often encountered by slowly 
feeding the oil during culture (Anderson et aL, 1956). Also, there is a greater 
oxygen demand with oil than carbohydrate utilisation (Large et al., 1998). In 
addition, long-chain fatty acids have been shown to inhibit growth in some 
genera, probably by repressing lipase expression. For instance, Becker and 
Markl (2000) showed that oleic acid concentrations above 0.43 g/L are toxic for 
Bacillus thermoleovorans and Kok et al. (1995) reported the repression of lipase 
expression by oleic acid in Acinetobacter calcoaceficus cultures. This is probably 
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not the case for Streptomyces sp. as Banchio and Gramajo (1997) found that 
fatty acid degradation is constitutive in S. coelicolor, without any significant 
inhibition of growth. 
There are numerous cases where food-based oils have been used for 
antibiotic production by actinomycetes, including S. clavuligerus, in 
supplementation with other carbon sources. For instance, when a mixture of 
glucose and triolein was used in S. fividans cultivations, the cells grew to a higher 
density and antibiotic production was faster compared to the glucose-only 
cultures. Both substrates were used simultaneously by the cells, with glucose 
being used for energy and growth purposes, while the fatty acid derivatives of 
triolein used as carbon source for the biosynthesis of a polyketide antibiotic 
called actinorhodin (Peacock et al., 2003). Hamedi et al. (2004) tested 18 
different oils, from olive and rapeseed oils to shark oil and lard, as substrates for 
erythromycin production by Saccharopolyspora erythraea. Highest antibiotic 
yields were obtained with black cherry kernel oil. All oil-containing media gave 
higher erythromycin yields than soybean flour-containing control medium. The 
oil-containing media in these cases also contained soybean meal and dextrin. 
Ohta et al. (1995) improved neomycin production by Streptomyces fradiae using 
soybean oil as carbon source, in a medium also containing soybean and fish 
meal. 
Park et al. (1994) tested 7 different oils as substrate for cephamycin C 
production by Streptomyces sp. 6621, a cephamycin C over-producing mutant, 
Soybean oil was found to be the optimal carbon source, although the medium 
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also contained soybean meal, casamino acid, polypeptone, and meat and yeast 
extract. 
Choi et aL (1996) tested 6 oils for improving tylosin production by 
Streptomyces fradiae. Rapeseed oil gave the highest yields, in a medium 
containing also Pharmarnedia, gluten meal and lecithin. 
Rezanka et al. (1984) tested 4 different oils for growing Streptomyces 
cinnamonensis that produces monensin, in a synthetic medium containing 
glucose. 
Lastly, olive oil was used for lincomycin production by S. fincolnensis 
(Choi and Cho, 2004), but despite the claim that olive oil was the sole carbon 
source, the culture medium contained Pharmamedia and soybean meal that can 
also be used as carbon sources. 
Substitution of carbohydrates with oil is not always leading to higher 
productivity. Jones and Porter (1998) found that total or significant replacement 
of sucrose with oils was not beneficial for tetracycline production by 
Streptomyces aureofaciens. 
1.3.4 Oils as carbon source for clavulanic acid Production bv S. clavulýqerus 
Although the use of soybean oil has been reported to be successful for clavulanic 
acid production (Maranesi et al., 2005; Ortiz et al., 2007), in those cases the oils 
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were used in conjunction with carbon sources such as starch, glycerol, malt 
extract, soybean flour and bacto peptone. 
Large et al. (1998) reported optimised oil-utilisation by S. clavuligerus in 
bioreactors, but starch and soya flour were also present in the medium. 
Cavanagh et al. (1994) used a growth medium containing soyaflour, 
dextrin and rapeseed oil to study the physicochernical aspects of oil utilisation by 
S. clavuligerus. It was observed that soyaflour causes coalescence of the oil 
droplets leading to more effective lipolysis, due to an increase of the droplet 
surface area. Also, increased lipase activity at 48 h was followed by decrease of 
triacylglycericle levels in the medium, suggesting that S. clavuligerus is able to 
hydrolyse triacylg lyce rides and take up the released fatty acids. 
However, replacement of glycerol and sucrose with crude palm oil in the 
growth medium of S. clavuligerus fermentations, resulted to lower clavulanic acid 
yields (Lee and Ho, 1996). Again, this medium also contained L-proline and L- 
glutamic acid that can be used as carbon sources. 
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1.4. An introduction to the technologies employed for this proiect 
1.4.1 Fermentation technoloqy 
1.4.1.1 Batch Culture 
Batch culture is a closed system culture method for microorganisms in which the 
culture medium is inoculated with a small amount of bacteria and only a few 
generations are allowed to grow before all nutrients are used up (McCall et al., 
2001). Bacterial growth in a batch culture generally undergoes four stages 
(Figure 1-6). During the lag phase, there is practically no growth as the bacteria 
adapt to the culture environment and express enzymes for metabolising the 
various substrates. During log phase, the cells grow exponentially due to an 
excess of nutrients. When the concentration of nutrients becomes limited, or toxic 
by-products start to accumulate, the cells enter stationary phase, observed as a 
plateau in growth. Eventually, death phase occurs because of nutrient depletion 
or extensive accumulation of toxic compounds (McCall et al., 2001). 
A batch culture can take place either under poorly-controlled conditions 
(such as in shake flasks) or in a well-controlled environment (such as in 
bioreactors). Shake flasks are usually employed for simply growing cells or when 
a large number of conditions needs to be tested (e. g. an optimisation 
experiment), as they are not costly or elaborate. However, when regulated 
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conditions and/or high experimental reproducibility are demanded (e. g. for 
transcriptornic studies) then bioreactors are preferred (Celik et al., 2007). 
A bioreactor (or fermentor) is composed of a fermentation vessel in which 
the bacterial growth takes place. Laboratory-scale bioreactors have relatively 
small vessels varying from 1 to 10 L, while industrial scale bioreactor systems 
have vessels from 10,000 to 500,000 L (Madigan et al., 2000). In addition, the 
need for high-throughput fermentation systems in the industry has led to the 
development of bioreactors in the mL scale (Gill et al., 2007), although they are 
still in an experimental stage. 
The incubation conditions for microbial culture are regulated by a 
controller unit usually linked to a computer, although manual control is also 
possible. Culture parameters such as temperature, pH and dissolved oxygen 
levels are constantly monitored via probes linked to the controller unit. Agitation 
and aeration rates are kept constant, while gas exchange (oxygen and carbon 
dioxide) between the culture and the air in the vessel is monitored by a gas 
analyser (Figure 1.6). Details of the bioreactor system used for this project can 
be found in section 2.5.2.1. 
1.4.1.2 Other culturinq methods 
Apart from the batch culture method described above there are various 
other techniques for growing microbes in bioreactors. The fed-batch culture 
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Figure 1.6. (A) Scheme of a batch culture system. The parameters of the culture in the 
fermentation vessel are measured by various probes linked to the controller unit. The 
controller itself is linked to a computer by which the operator can set the conditions to be 
regulated automatically or adjust them manually. A gas analyser monitors gas exchange 
between the culture and the air in the vessel, while acid and alkali can be added 
automatically to the culture to maintain a constant pH. (B) Growth curve in a microbial 
batch culture. 
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method involves frequent or constant addition of a growth-limiting substrate (e. g. 
glucose) to the fermentation vessel. By controlling the addition rate of the growth- 
limiting substrate, the bacterial growth rate can be manipulated such to maximize 
product yield or avoid accumulation of by-products and/or oxygen limitation as a 
result of uncontrolled growth (Lee et al., 1999). Fed-batch culture is also useful 
for obtaining high cell density by prolongation of culture duration, which is 
important for the industrial biosynthesis of growth -associated products such as 
heterologous protein (Mendoza-Vega et al., 1994). 
The continuous culture method (or chemostat) involves addition of culture 
medium to the fermentation vessel during exponential growth, at a specific flow 
rate. This allows the bacteria to grow at a given rate indefinitely. Simultaneous 
removal of culture material (medium, cells and cell debris) at a rate equal to the 
flow rate prevents increase of culture volume and allows growth to occur at an 
equilibrium, with growth of new cells being balanced by those washed out. Thus, 
a 'steady state' is achieved with constant biomass and product concentrations. 
This is very useful technique for physiological and 'ornic' studies, as it provides a 
well-reproducible 'snapshot' of a specific growth stage allowing the manipulation 
of one variable while the others remain constant (Hoskisson and Hobbs, 2005). 
Chemostat is also an invaluable tool for studying mutations that arise after 
constant exposure of microbes to a given environment (Notley-McRobb et al., 
2003). Examples of chemostat use for studying S. clavuligerus physiology 
include these by Ives and Bushell (1997) and Bushell et al. (2006). Alternatives 
of a chemostat are the turbidostat, the auxostat and the pH-auxostat where the 
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bacterial growth rate is regulated in relation to cell density, cell number and 
culture pH, respectively (Watson, 1972; Gostornski et al., 1994; Larsson and 
Enfors, 1990). 
1.4.2 Liquid Chromatography-Mass Spectromet[y 
1.4.2.1 Technology overview 
Liquid Chromatography-Mass Spectrometry (LC-MS) is an analytical chemistry 
technique of high sensitivity and specificity that is used for identifying and/or 
quantifying chemical compounds in a liquid sample. 
The structure of an LC-MS system involves a liquid chromatography (LC) 
apparatus linked to a mass spectrometer (MS). All mass spectrometers are 
essentially composed of three parts: an ionisation source, a mass analyser and 
an ion detector (Figure 1.7). 
Liquid samples are taken up by a sample loader and pumped into an LC 
capillary that separates the different compounds according to their chemical 
properties. This occurs after physicochernical interaction of the compounds 
present in the liquid mobile phase (sample) with the solid stationary phase 
(capillary matrix) in such a way that compounds with different chemical properties 
are eluted at different times (retention time). There is a wide variety of capillary 
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matrices available, designed for specific groups of compounds (Wilson and 
Walker, 2004). 
The ionisation source evaporates the eluted droplets and converts the 
compounds that exit the LC capillary into ion entities. There are several ionisation 
methods available in which the sample molecules can be fired with electrons 
(electron impact ionisation, EI), collided with a reactive gas (chemical ionisation, 
Cl), bombarded with argon atoms (fast atom bombardment, FAB), the dissolved 
sample can be sprayed into an electric field (electrospray ionisation, ESI) or co- 
crystallised with a matrix and then exposed to photons (matrix assisted laser 
desorption ionisation, MALDI) (Manz, 2003). 
The ion entities are subsequently introduced into the mass analyser that 
separates them according to their mass-to-ion charge ratio (m/z). This is 
achieved by acceleration into an electric or magnetic field. 
The accelerated ion species finally impinge an ion detector device that 
provides information about the m/z of each ion entity and its relative intensity (%) 
in the tested sample (compared to the ion entities present in the sample). This 
information is combined with chromatographical data (retention time, relative 
abundance) provided by a UV detector located downstream of the LC capillary. 
Chromatograms containing this combined information are plotted by the 
appropriate software, with each peak representing the m/z of each ion species. 
Depending on the range of the peaks that a chromatogram contains, it can be 
described either as a total ion chromatograrn (TIC) or as selected ion monitoring 
(SIM) (Wilson and Walker, 2004). 
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Figure 1.7. Schematic representation of an LC-MS system. The samples are collected and 
pumped into a liquid chromatography (I-C) capillary. The eluted molecules are monitored by 
a UV detector (that provides chromatographical data, e. g. retention time, relative abundance) 
and enter the ionisation source where they are ionised. Subsequently, they are accelerated 
in the mass analyser and impinge the ion detector that provides the m/z and relative ion 
intensity values for data analysis (adapted from McMaster, 2005). 
For each detected peak, an integration value is calculated by the data 
analysis software, which correlates with its quantity in the sample. To identify the 
peak corresponding to a known compound, the molecular weight and formula of 
this compound is entered in the LC-MS data analysis software and the expected 
m/z ratio of the peak(s) corresponding to this compound is calculated. Searching 
in the chromatogram for the expected peak(s) can lead to the detection of peaks 
with similar characteristics to the expected ones. Then the m/z ratios of these 
peaks can be submitted to specific internet databases that will provide possible 
matches, such as the Human Metabolorne Database (HMDB; www. hmdb. ca). 
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LC-MS is routinely used for both metabolomic and proteornic studies. 
Recent examples of LC-MS application in Streptomyces research are these of Li 
et al. (2006) who compared the metabolite profiles of a streptolydigin- 
overproducing Streptomyces lydicus mutant and the wildtype, and of Wang and 
Yuan (2005) who carried out a global protein analysis of Streptomyces 
luteogn'seus. 
1.4.2.2. Principal component analysis for LC-MS data modelling 
As it was mentioned above, each peak detected by LC-MS has many properties, 
or variables, such as mass, charge, retention time, etc. Therefore, an LC-MS 
analysis yields a very large amount of multi-dimensional data that requires data 
modelling methods able to take into account all variables in a dataset and reduce 
them into less dimensions. In general, the methods for analysis project the 
obtained information into a two-dimensional plane, enabling clearer visualisation 
and understanding. For instance, to discover differences between two pools of 
metabolites, it is necessary to have a method for calculating the distance 
between them and visualising it by clustering the two pools apart, if there is 
significant variation (Trygg et al., 2007). 
The most common projection method is principal component analysis 
(PCA). PCA works by transforming the variables of each metabolite peak in a 
metabolite pool (e. g. ion mass, ion charge, retention time values) into a new set 
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of variables called principal components (PCs) (Jolliffe, 2002). PCs are those 
variable combinations that are maximizing the variance within the data. The first 
PC is the combination of the variables yielding the largest variance. The second 
PC explains the largest amount of the remaining variance (Steinfath et aL, 2008). 
For instance, PC1 explains the 60% of the variation, PC2 the 30%, etc. In an 
example where the metabolomic variation between two cell types is analysed, 
PCII values are plotted against PC2 values for each cell type's metabolite pool, 
resulting in an orthogonal bi-plot like this shown in Figure 1.8. In such a plot, the 
metabolite pools of each cell type are separated according to their variance 
(Steinfath et aL, 2008). 
For the identification of specific metabolites that are responsible for the 
separation of different metabolite pools, other statistical methods such as partial 
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Figure 1.8. Example of a PCA plot aiming to visualise the metabolomic variation 
between two different cell types (o, [D), with two biological replicates available for each. 
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least squares-discriminant analysis (PLS-DA) are often applied to the PCA 
results. PLS-DA enhances the separation between different metabolite pools, 
enabling easier detection of key metabolites (Ramadan et al., 2006; Chevallier et 
al., 2006). 
1.4.3 DNA microarrays 
DNA microarrays have revolutionised the way of studying gene expression in 
both eukaryotic and prokaryotic cells. In combination with biochemical 
information about the organism's proteome and/or metabolome they can lead to 
a broad understanding about the biological processes involved in cell physiology. 
Application of DNA microarrays to microbial systems can provide valuable 
information about cellular responses to environmental changes, gene function, 
transcriptional regulation of genes and, in the case of industrial strains, 
microarray analysis helps to design methods for productivity improvement by 
metabolic engineering (Dharmadi and Gonzalez, 2004). 
DNA microarray analysis is a method for quantifying the levels of gene 
transcription in an organism. A DNA microarray contains sets of nucleotide 
probes printed on a solid surface (usually a glass slide) that present sequences 
homologous with the genes of the studied organism. These nucleoticle probes 
are exposed to target molecules, usually complementary DNA (cDNA) labelled 
with a fluorescent dye that derive from the mRNA isolated from the organism's 
27 
cells. Consequently, these target molecules are allowed to hybridise on the 
probes affixed on the slide (spots; often present in duplicate on each array), with 
which they are complementary. When the array is scanned with the appropriate 
equipment, the fluorescence of each probe is detected and quantified. A 
summary of the procedure is presented in Figure 1.9. The intensity values 
obtained indicate the level of expression of each gene. However, microarray data 
are semi-quantitative, meaning that the precision of the quantitation is low due to 
the fact that the yields of the reverse transcription step may be non-uniform. 
Nevertheless, detection of absence or presence of gene expression, as well as 
determination and comparison of relative gene expression levels is possible 
(Lesk, 2007). 
Depending on the method of manufacturing, microarrays are referred to as 
spotted or synthetic oligonucleotide arrays. In spotted microarrays, PCR- 
fragments or short oligonucleotide sequences corresponding to specific genes 
are synthesised and then subsequently printed by a delicate needle system on 
the surface of the array. In synthetic oligonucleotide arrays, the synthesis of the 
probes takes place directly on the slide (Dale and von Schantz, 2007). 
When the gene expression of two different samples (i. e. cancer vs. 
healthy cell type), the cDNA deriving from each cell type needs to be labelled 
with a dye of specific colour, so that cell type 1 is labelled, for instance, with a 
green dye and cell type 2 is labelled with red dye. Equal amounts of the two 
cDNA samples are applied on the array and are allowed to hybridise with the 
complementary probes. If a gene is transcribed only in cell type 1, then only 
28 
target cDNA from this cell type will hybridise on the probe corresponding to this 
gene and this spot will be green. Similarly, if the same gene is transcribed only in 
cell type 2, then only target cDNA from this cell type will hybridise on the probe 
corresponding to this gene and this spot will be red. Lastly, if both target cDNA 
hybridise on the probe, the spot will be yellow, as the two florescent dyes will be 
equally present. This approach is called a two-colour microarray or a two-channel 
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Figure 1.9. Procedure for the preparation of a microarray slide. mRNA is isolated 
from two different cell samples, each reversed transcribed (RT) to cDNA and labelled 
with different fluorescent dyes. The two labelled cDNA samples are mixed at equal 
amounts and hybridised to the complementary DNA probes affixed on the array. 
Eventually, the slide is scanned and the resulting data is analysed (Khan et aL, 
1999). 
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design. A one-colour or one channel approach is also used to obtain estimations 
of absolute levels of gene expression in one sample (Lesk, 2007). 
Also, two clDNA samples can be analysed in one microarray slide as 
described above (cDNA vs. cDNA microarrays or block design) or they can be 
analysed in two microarray slides in relation to a reference sample, usually 
genomic DNA (gDNA) from the same organism that the cDNA samples originate 
(cDNA vs. gDNA microarrays or reference design). This enables an estimation of 
the actual gene expression levels of the tested sample relative to this of the 
reference sample, instead of a gene expression comparison between two 
samples (cDNA vs. cDNA microarrays) (Wit and McClure, 2004). 
DNA microarrays have been widely used in Streptomyces research. 
Examples include studies on operon structure and transcriptional organisation in 
S. coelicolor (Laing et aL, 2006) and elucidation of the regulation mechanisms of 
genes important for antibiotic production (Lum et aL, 2004; Huang et al., 2001). A 
very useful database for information about gene function and metabolic pathways 
in Streptomyces coelicolor is ScoCyc (www. streptomyces. org. uk). 
Although the full genome sequence of S. clavuligerus is not yet available, 
spotted PCR arrays were developed by Mercier (2007) that include 87 
S. clavuligerus genes of known sequence added to a S. coelicolor array (7,333 
genes) developed at UMIST (UK) (Chater et aL, 2002). The hybridisation 
efficiency of S. clavuligerus cDNA on S. coelicolor probes spotted on the array 
slide was high, encouraging the use of these arrays for studying S. clavuligerus 
gene expression (Mercier, 2007). 
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1.5 Hvpothesis of this research to be tested 
The ability of S. clavuligerus to utilise glycerol raises the possibility that it could 
also use triacylglycerides as carbon source, after lipolysis to yield glycerol and 
unesterified fatty acids. In addition, the fact that the media used in the cases 
mentioned in section 1.3.4 are ill-defined, containing mixtures of complex 
substrates causes difficulties in studying the mechanism of oil utilisation by 
antibiotic-producing bacteria, as the effect of the interfering nutrients is 
unpredictable and difficult to analyse. Therefore, simple, well-defined media are 
essential, firstly for proving that oils can be utilised as sole carbon sources for 
antibiotic production and secondly for studying the mechanism of oil utilisation in 
the cell. Such knowledge is crucial, since oils are currently used by the industry 
in an empirical manner without information about the genes and metabolic 
pathways involved in oil utilisation. 
The hypothesis to be tested is that S. clavuligerus can use oils as a sole 
carbon source for the production of clavulanic acid, in defined media. It is 
proposed that after production of the lipases required for the conversion of 
triacylglycerides to glycerol and fatty acids, these are then imported into the cell 
and are converted to the precursors for clavulanic acid synthesis, namely 
arginine and glyceraldehyde-3-phosphate. 
The proposed mechanism by which triacylglycerides are converted to the 
precursors for clavulanic acid biosynthesis is shown in Figure 1.10. 
Triacylglycerides are broken down to glycerol and fatty acids by lipases. Fatty 
acids are converted into acetyl-CoA by P-oxidation, which via the TCA and the 
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urea cycles is used for production of arginine, a precursor for clavulanic acid 
synthesis. Glycerol is converted into glyceraldehyde-3-phosphate in the 
cytoplasm. Glycerol kinase phosphorylates glycerol to g lyce ro 1-3-p hosp hate; this 
in turn is converted into dihydroxyacetone phosphate, which is finally converted 
to glyceraldehyde-3-phosphate by aldolase (Salway, 1999; Seno and Chater, 
1983). After a series of intermediate reactions (described in Section 1.2.2), 
clavulanic acid is synthesised. An initial assumption is that all glycerol is 
converted to glyceraldehyde-3P and all fatty acids to arginine, the two precursors 
Glycerol kinase 
Glycerol-3P .4 
Glycerol- 3-p hosp hate 
dehydrogenase 
Dihydroxyacetone phosphate Glycerol 
Triose phosphate gluconeogenesis 
End product: isomerase glycogen synthesis 
Clavulanic acid Lipase D-glyce raldehyde-3P PPP 
Glyceraldehyde-3P 
(via clavulanic acid dehydrogenase 
biosynthetic pathway) Glycerate-3P 
Substrate: 
: Triacylglycerides Phosphoglyce rate mutase: 
Argininosuccinate lyase 
/ enolase 
__V 
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Pyruvate kinase 
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Figure 1.10. The proposed mechanism for oil utilisation by S. clavuligerus. PPP: pentose phosphate 
pathwaY. 
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for clavulanic acid biosynthesis. In addition, it has to be noted that carbon has to 
flow to other pathways such as pentose phosphate pathway, aminoacid 
synthesis and gluconeogenesis that are important for cell stability and growth. 
Fatty acids can be assimilated for glucose synthesis in most bacteria via 
the glyoxylate shunt. P-oxidation provides acetyl-coA that can be converted to 
isocitrate via TCA cycle. Isocitrate is converted to glyoxylate and succinyl-coA by 
isocitrate lyase and consequently glyoxylate reacts with acetyl-coA to form 
malate with the aid of malate synthase. Malate dehydrogenase convets malate to 
oxaloacetate, which is then converted to phosphoenolpyruvare by 
phosphoenolpyruvate carboxykinase, which can lead to glucose synthesis via 
gluconeogenesis (Erb et al., 2007). S. clavuligerus produces both isocitrate Iyase 
and malate synthase as it was shown after purification and characterisation work 
by Soh et aL (2001), Loke et al. (2002) and Chan and Sim (1998). The glyoxylate 
shunt is essential for growth on fatty acids or C-2 compounds, such as acetate, 
as sole carbon source (Salway, 1999). S. clavuligerus can efficiently grow on 
acetate which indicates an active glyoxylate cycle (Loke et al. 2002). Alternative 
acetate assimilation pathways have been suggested in other streptomycetes 
involving conversion of two acetyl-CoA molecules to butyryl-CoA (Streptomyces 
collinus; Han and Reynolds, 1997), to ethyl malonyl-coA (in S. coelicolor, Erb et 
al., 2007) and methylmalonyl-CoA (Streptomyces cinnamonensis; Li et al., 2004). 
In addition, Akopiants et aL (2006) suggested that other acetate assimilation 
pathways should be also available in S. cinnamonensis, as a UV-mutant was 
able to grow on acetate after blockage of the pathways mentioned above. 
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1.6 Aim and Obiectives 
The aim of this project is to demonstrate that S. clavuligerus can utilise oils as a 
sole carbon source for clavulanic acid production and elucidate the mechanism 
of oil utilisation for production of clavulanic acid by S. clavuligerus. The main 
objectives are: 
1. To demonstrate that S. clavuligerus is able to utilise oils as sole carbon 
source 
2. To identify the oil that promotes the highest clavulanic acid yield 
3. To grow S. clavuligerus in a laboratory-scale bioreactor using glycerol- 
and oil-containing culture media 
4. To obtain full biochemical profiles of S. claviligerus in bioreactor cultures, 
in glycerol- and oil-containing media, by monitoring how substrate and 
product concentrations in the medium change during culture, as well as 
determining the macromolecular and elemental composition of the 
harvested biomass 
5. To elucidate the mechanism of oil utilisation by S. clavuligerus for 
clavulanic acid biosynthesis, by identifying the genes, metabolites and 
metabolic pathways involved. This will be achieved by using DNA 
microarrays, enzyme activity analysis and analytical biochemistry to 
validate the hypothetical metabolic model described in section 1.5 
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Chapter 2: 
Materials and Methods 
2.1 Strain and culture media 
The strain used here was S. clavuligerus ATCC 27064 NRRL 35851 (provided by 
GlaxoSm ith Kline, UK). 
SV2 medium contained (per Q: Glycerol, 15 g; Glucose, 15 g; Soya peptone, 15 
g; Calcium carbonate, 1 g. It was pH adjusted to pH 7 and autoclaved at 121 'C 
for 15 min. 
M5D+ medium contained (per L): Dextrin, 10 g; Yeast extract, 2 g; Peptone, 2.5 
g; K2HP04,1 9; MgS04.6H20,1 g; NaCl, 1 g; CaC03,4 g (NH4)2SO4,1 g, Oxoid 
Agar no3,20 g. It was pH adjusted to pH 7.4 and autoclaved at 121 'C for 15 
min. Then 1 ml/ L of filter-sterilised trace elements solution of the following 
composition (per L): FeS04.7H20,1 g; MnC12.4H20,1 g; ZnS04.7H20,1 g was 
added. 
M5D- medium contained (per Q: Dextrin, 10 g; K2HP04,1 9; MgS04.6H20,1 9; 
NaCl, 1 g; CaC03,4 g; (NH4)2SO4,1 g; Oxoid Agar no3,20 g. It's pH adjusted to 
pH 7.4 and it was autoclaved at 121 OC for 15 min. Then 1 ml/ L of filter-sterilised 
trace elements (same composition as M5D+) was added. 
P-limiting medium contained (per L): 
NH4CI 
,7g; 
KH2PO4i 0.25 g; MOPS, 21 g; 
It's pH was adjusted to pH 6.8 and it was autoclaved at 121 'C for 15 min and the 
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following trace elements (10 mL/ L) were added by sterile filtration: MgS04.71-120, 
25 g; FeS04.7H20,2.5 g; CoCl, 0.055 g; CUC12,0.053 g, CaC12.2H20,1.38 g; 
ZnC12,1.04 g; MnC12,0.62 g; Na2MOO4,0.03 g. The carbon source, (0.6% (v/v) 
glycerol or oil) was added. Glycerol was added prior autoclaving, but the oils 
were sterilised by filtration through 0.2 pm hydrophobic Minisart SRP25 filters 
(Sartorius, UK) and then added in the autoclaved medium. Oil types included: 
sunflower oil (KTC, UK), olive oil (Sainsbury's, UK; virgin and refined olive oil-, 
Barcode no: 0008 7162; Batch: L. 6346) and cod liver oil (Boots, UK). 
Reverse-osmosis (RO) water was used for the preparation of all culture media. 
2.2 Sporulation method for S. clavuliqerus 
S. clavuligerus mycelia (1 ml-) were used to start a primary culture in 50 mL SV2 
broth for 24 h at 30 OC, using a 250 mL Pyrex baffled flask (the same type of 
flasks was used in all experiments) and a shaking speed of 135 rpm. 50 pL of 
this culture was spread on SV2, M5D+ and M5D- agar plates (section 3.3). The 
agar plates were placed upside down in a plastic bioassay plate, on top of a wet 
paper towel to maintain humidity. The plates were incubated at 30 OC until grey 
colonies started to appear. When adequate sporulation (grey colonies) was 
observed a single grey colony was scraped and streaked onto a M5D- plate. The 
bacteria were re-plated twice for selection on M5D-. 
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The spore suspension preparation and filtration were carried out as 
described in Kieser et al. (2000). Sterile RO water (9 ml-) was added to each 
plate and the surface was scraped with an inoculation loop. The crude 
suspension was subsequently poured into a sterile universal and vortexed for 1 
min to break the spore chains. The vortexed suspension was loaded in a 10 mL 
syringe which was passed through the rubber bung attached to glass filter tube 
containing non-absorbent cotton wool and filtered through the cotton wool and 
collected in a glass tube. The filtrate was transferred to a plastic centrifuge tube 
and centrifuged for 5-10 min at 3,000 rpm for pelleting the spores. The 
supernatant was removed and the spores were re-suspencled in 1 mL of sterile 
20% glycerol + 0.01% Tween80.100 pL of the suspension were transferred to 2 
mL cryotubes and stored at -80 'C (spore bank). 
2.3 Culture maintenance 
100 pL of S. clavuligerus spores (from spore bank mentioned above) were added 
in 50 mL of SV2 and grown for 24 h (30 OC, 135 rpm) in order to germinate. 1 mL 
aliquots of this culture were stored at -20 I'C, in 2 mL cryotubes (working cell 
bank). 
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2.4 Inoculum preparation 
S. clavuligerus mycelia from the working cell bank (1 ml-) were grown in a flask 
containing 50 mL of SV2 for 24 h (30 OC, 135 rpm). To minimise potential carry- 
over of the nutrients included in SV2 to the test flasks, an intermediate growth 
step followed, in a flask containing 50 mL P-limiting medium with 0.6% glycerol 
(v/v), again for 24 h (30 'C, 135 rpm). An aliquot from the latter culture was used 
to inoculate the test flasks. 
The volumes transferred from the SV2 culture to the intermediate P- 
limiting culture, as well as the duration of the intermediate culture, varied 
between different experiments: 
9 For the preliminary flask experiments (optimisations of sporulation, 
agitation rate and pre-culture duration), 4 mL of the SV2 culture were 
transferred to 25 mL of a P-limiting medium with 0.6% glycerol. The 
duration of the culture in P-limiting medium was 24 h. For the pre-culture 
duration experiment the duration of both steps was doubled to 48 h. 
o For the flask experiments with oil as sole carbon source, 500 pL of the 
SV2 culture were added to 25 mL P-limiting medium. The duration of the 
culture in P-limiting medium was 48 h. 
* For the batch cultures, 2x 0.8 mL of the SV2 culture was added into 2x 40 
mL P-limiting medium containing 0.6 % (v/v) glycerol. The duration of the 
culture in P-limiting medium was 48 h. 
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The volumes were reduced in the last two cases, in order to minimise transfer of 
glycerol from the pre-culture into the test flasks that contained oil as a sole 
carbon source. The reduced volume transferred in the intermediate culture made 
necessary its prolongation of from 24 to 48 h in order to obtain adequate growth. 
2.5 Methods for culturinq S. clavulýqerus 
2.5.1. Shake-flask cultures 
Flasks containing P-limiting medium with different carbon sources were 
inoculated with different inoculurn sizes, depending on the experiment: 
9 For the preliminary flask experiments (optimizations of sporulation, 
agitation rate and pre-culture duration), 4 mL of inoculum were separately 
added to two flasks of 50 mL P-limiting medium, one containing 0.6% 
glycerol (v/v) or one containing 0.6% glycerol and 0.6% sunflower oil (v/v). 
The flasks were incubated for 96 h (30 *C, 135 rpm). 
* For the flask experiment with oils as sole carbon source, 2.5 mL of 
inoculum were added to 50 mL of P-limiting medium with either 0.6% 
glycerol (v/v) or 0.6% oil (v/v) (sunflower oil or olive oil or cod liver oil). The 
flasks were incubated for 216 hr (30 'C, 135 rpm). 
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Aliquots of 1 mL were taken every 24 h in 1.5 mL microcentrifuge tubes, to be 
used for biomass determination and the biochemical assays (see below). All 
cultures were frequently checked under the microscope for growth and 
contamination. Cultures were also streaked on Nutrient Agar (NA) plates (Oxoid, 
UK) for detection of possible contamination. For morphological studies, cells 
were stained with crystal violet for 1 min and observed at 750x magnification. 
2.5.2 Bioreactor cultures of S. clavul4qerus 
2.5.2.1 The equipment 
The fermentation system used in this experiment included a2L bioreactor vessel 
(Figure 2.1) controlled by an Adaptive Biosystems 7000 controller (Adaptive 
Biosystems, UK). The various fermentation parameters (pH, dissolved oxygen, 
temperature, aeration rate, agitation rate) were monitored by BioDirector vl. 20 
software (Applied Biosystems, UK), via the controller and a TanDem dual gas 
sensor (Adaptive Biosystems, UK) was used for on-line monitoring0f 02andCO2 
levels, in the exhaust gas. Aeration of the bioreactor culture was achieved with 
an air supply line, controlled by a MassFlo unit (Adaptive Biosystems, UK) which 
was connected to a sparger located beneath the impellers (Rushton and marine, 
see Figure 2.1) that were powered by a motor (Maxam DC, UK). The pH was 
automatically maintained at 6.8 through addition of 0.5M KOH using a peristaltic 
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pump (FeedFlo, Adaptive Biosystems, UK) and monitored via a pH probe 
(Broadley James corporation, USA). Temperature regulation and control was 
achieved using a heating element regulated by the controller and a heat probe. A 
dissolved oxygen probe (Broadley James corporation, USA) was also used for 
determination of dissolved oxygen levels in the culture. 
(A) 
(D) 
Schematic representing 1.5L Bloreactor setup 
(B) 
(C) 
Maxam DC Air inlet Antifoam 
motor 
Controller -- 
III 
- 
Alkali (0.5M 
(Adaptive Probes: pH, Condenser 
KOM 
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7000 series) Temperature 
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-J 
UU 
Trac e 
Elements will 
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feed line 
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--- Marine impeller 
Rushton impeller 
Gas Analyser 
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Figure 2.1. (A) The bioreactor used for the batch culture. The Ruston (B) and the marine 
(C) impellers used here. (D) A diagram summarizing the set-up of the fermentation 
system (courtesy of Mr Andrew Picken). Impeller images are from 
www. clevelandmixer. com (B) and www. sharpemixers. com (C). 
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2.5.2.2 Batch culture method 
80 mL of inoculum were added into 1.5 L P-limiting media containing 0.6% (v/v) 
olive oil or glycerol and 0.01% Breox FIVIT 30 antifoam agent (BP, UK) in the 2L 
bioreactor. Temperature was maintained at 28 OC, pH at 6.8, agitation rate at 800 
rpm and aeration rate at 0.23 U min. Starting culture volume was 1.6 L and the 
culture duration was 96 h. 
2.6 Biomass determination 
Three different methods were used for biomass determination, again depending 
on the experiment: 
e For the preliminary flask experiments, 1 mL samples of culture were 
added to pre-weighted 1.5 mL microfuge tubes and were centrifuged at 
13,000 rpm for 10 min. The bacterial pellets were dried for 1h at 50 'C 
and weighed on an analytical balance. 
e For the flask experiment with oils as sole carbon source, the bacterial 
pellets were resuspended in 1 mL of RO water and an optical density 
measurement at 600 nm was used to give an estimation of growth present 
in each sample, valid only as an indication of biomass concentration. 
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* For the batch cultures, the pellet obtained from 15 mL of culture was 
resuspended with 15 mL RO water. 5 mL of the re-suspended biomass 
sample were filtered through a 0.45 pm pre-weighed filter (Millipore, UK), 
which was pre-wetted with 0.01 % Tween80 and rinsed twice with 10 mL 
RO water before use. The biomass-loaded filter was washed three times 
with 10 mL RO water and dried by microwave at 650 W for two 5 min 
periods. The dried filter was re-weighed and the difference between initial 
and final weight corresponds to the dry weight biomass in 5 mL of culture. 
Dry weight determination was done in triplicate for each biomass sample. 
In all cases, the bacterial pellets of the oil-containing samples were washed with 
RO water by centrifugation at 3,500 rpm for 5 min, until no lipid particles were 
observed. Additionally, wall of the tube was wiped with a clean paper tissue to 
ensure that no oil remnants could affect the biomass measurement. 
2.7 Biochemical assays 
2.7.1 Monitoring of medium components 
2x 20 mL fermentation samples were taken every 12 h± 15 min in ice cold 
sterile glass universal tubes, and centrifuged at 3,500 rpm for 10 min. Pellets 
were used for dry-weight determination and/ or stored at -20 OC for further 
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analyses. The supernatants were transferred to a fresh tube, vortexed for 10 sec 
and 1 mL aliquots were stored in -20 OC for further analyses. If lipid particles were 
observed in the supernatants of the oil-containing samples, the supernatants 
were filtered through 0.2 pm Minisart syringe filters (Sartorius, UK), apart from 
the case of the triacylg lyce ride assay (section 2.7.1.6). All biochemical assays 
were performed at least in triplicate. For all absorbance measurements an 
Ultraspec 2000 spectrophotometer (Pharmacia Biotech, UK) was used. 
2.7.1.1 Clavulanic acid assay 
The assay reagent was prepared by addition of 10 g imidazole in 65 mL of RO 
water. The pH was adjusted to 6.8 with 5M HCI and RO water was added up to 
100 mL. 1.5 mL plastic cuvettes were prepared for sample (200pl- of supernatant 
sample and 800 pL reagent) and control (200 pL sample and 800 pL RO water). 
1 mL of reagent was used as the blank sample. All cuvettes were incubated at 30 
OC for 12 min before reading all samples at 312 nm. Standards of 0,12.5,25,50 
mg/L potassium clavulanate were used for the standard curve. The OD 
difference between sample and control was calculated and then the CLA 
concentration was determined using the equation of the standard curve (Bird et 
aL, 1982). 
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2.7.1.2 Phosphate assay 
Phosphate levels were determined in appropriately diluted supernatants by using 
Phosphate-test strips (Cat No. 1.16978.0001; Merck, Germany) and an RQflex 2 
reflectometer (Cat No. 16950-1; Merck, Germany). Three droplets of the assay 
reagent were added in 1.5 mL supernatant and the samples were mixed. 
Following instructions, one strip was dipped in each mix for 2 sec and then it was 
scanned with the reflectometer, after a 90 sec exposure to light. The value 
obtained was the phosphate concentration in mg/L. 
2.7.1.3 Ammonium assav 
Ammonium levels were determined appropriately diluted supernatants by using 
Ammonium-test strips (Cat No. 1.16977.0001; Merck, Germany) and an RQflex 2 
reflectometer (Merck, Germany). Three droplets of the assay reagent were 
added in 1.5 mL supernatant and the samples were mixed. Following 
instructions, one strip was dipped in each mix for 2 sec and then it was scanned 
with the reflectometer, after a 15 sec exposure to light. The reading obtained was 
the ammonium concentration in mg/L. 
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2.7.1.4 Glycerol assay 
A glycerol assay kit (Cat No. K-GCROL; Megazyme Ltd., Ireland) was used for 
measuring glycerol present in the supernatant samples. The supernatant 
samples were diluted accordingly, so that their concentration was within the limits 
of the standard curve (0.008-0.35 g/L). 
2.7.1.5 Free fattv acids assav 
The unesterified fatty acid levels in the supernatant samples were determined 
using the free fatty acids, half-micro test kit (Cat No. 11 383 175 001; Roche, 
Germany). The supernatant samples were vortexed for 10 sec and diluted 
accordingly, so that their concentration was within the limits of the standard curve 
(0-1.5 mM). Palmitic acid standard samples were prepared for the standard 
curves, as described in the instruction manual. 
2.7.1.6 Triglyceride assay 
This method was modified from the triglyceride UV-method by Boehringer 
Mannheim, Germany. Supernatant samples were vortexed for 10 sec and 100 pL 
was added to 300 pL 0.4 M Tris-HCI buffer (pH 7.4). 1000 U of lipase from 
46 
Rhizopus arrhizus and esterase from porcine liver (Sigma, UK) was added to a 
total volume of 500 pL. The samples were incubated at 37 IC for 2 h, mixing 
briefly by tube inversion every 15 min. The samples were then vortexed for 10 
sec and 50 pL of the enzyme-treated sample were used for glycerol 
determination, as described in section 2.7.1.4. For the standard curve, 0.130 g of 
glyceryl tripalmitate was added to 40 mL warm isopropanol and the solution 
stirred vigorously overnight at 30 OC until the glyceryl tripalmitate was completely 
dissolved. This 4 mM stock solution was diluted into 0.35,0.175,0.08 and 0 mM 
for preparing the standard curve samples. Presence of lipids in the culture was 
also visualised by staining of culture aliquots (including both cells and medium) 
with 0.3 % (w/v) Sudan Black in 70% ethanol for 15 min, rinsing with industrial 
methylated spirit (IMS) for 5 sec and counterstaining with 0.5 % (w/v) saffranin 
for 20 sec. The magnification used was 1000x. 
2.7.2 Enzyme assays 
For all the enzyme assays except for the one for lipase, 5 mL samples from S. 
clavuligerus fermentations were collected every 24 h, on ice. The pellets were 
resuspended with 5 mL ice cold RO water and the samples were first vortexed 
for 10 sec and then centrifuged for 10 min at 3,500 rpm (4 OC). The supernatants 
were discarded, replaced with another 5 mL ice cold RO water and the samples 
were vortexed again as above and sonicated 3x (20 sec ON, 30 sec OFF) on ice. 
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Each sonicated sample was centrifuged at 3,500 rpm (4 OC) for 10 min and the 
supernatant was transferred to a fresh eppenclorf tube and stored at -20 OC. All 
enzyme assays described below were performed at room temperature. 
Absorbance measurements were taken every 10 sec for 20 min. The absorbance 
difference between the blank and each timepoint (AA) was calculated and the 
enzyme activity was calculated by the slope of the linear part of the curve (AA 
against time (sec)). Graph Pad software (Graph Pad Software Inc., USA) was 
used for the statistical analysis. 
2.7.2.1 Lipase assay 
Lipase-test strips (Cat No. 1.05851.0001; Merck, Germany) and an RQflex 2 
reflectometer (Merck, Germany) were used to determine lipase levels in whole 
broth samples. 
2.7.2.2 Glycerol kinase assay 
Glycerol kinase (EC 2.7.1.30) activity was measured photometrically at 340 nm. 
The assay reagent (pH7.4) included: ATP, 8.5 mM; NADH, 1.22 mM; 
phosphoenolpyruvate, 2.0 mM; lactate dehydrogenase, 15.3 U/ mL; pyruvate 
kinase, 7.0 U/ mL; MgS04.51-120,28.0 mM; reduced glutathione, 26.0 mM. A 
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glycine-carbonate buffer (glycine, 0.4 M; K2CO3,45 mM; pH8.9) was also 
prepared. Each cuvette contained: 560 pL of glycine-carbonate buffer, 187 pL of 
assay reagent and 53 pl- of a 0.1 M glycerol solution. The reaction was started 
by addition of 200 pL of cell-free extract (method modified from a glycerol kinase 
assay protocol by Worthington Biochemical Corporation, USA). 
2.7.2.3 Glutamate dehydrogenase assay 
Glutamate dehydrogenase (EC 1.4.1.2) activity was determined photometrically 
at 340 nm. The reagent (pH 8.0) contained: EDTA, 1 mM; KH2PO4,100MM; 
NADP+, 100 pL. 100 pL of cell-free extract were added in 800 pL of the reagent 
and the reaction was started by the addition of 10 mM L-glutarnate solution to a 
total volume of 1 mL (Wagner, 1998). 
2.7.2.4 Acyl-coA dehydrogenase assay 
Acyl-coA dehydrogenase (EC 1.3.99.3) activity was determined photometrically 
at 530 nm. The reagent contained: Tris-HCI buffer (pH 8.0), 40 mM; Triton X-100, 
0.2% (w/v); palmitoyl-coA, 1 mM; nitrotetrazolium blue, 0.4 mM. 200 pl- of cell- 
free extract was added to 700 pL of reagent and the reaction was started by the 
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addition of 0.05% (w/v) phenazine methosulphate to a total volume of 1 mL 
(Banchio and Gramajo, 1997). 
2.7.2.5 Pyruvate kinase assay 
Pyruvate kinase (EC 2.77.1.40) activity was determined photometrically at 340 
nm. The reagent contained: Tris-HCI buffer (pH 7.4), 25 mM; KCI, 75 mM; 
MgS04,8mM; EDTA, 1 mM; phosphoenolpyruvate, 0.8 mM; NADH, 0.15 mM; 
ADPI 0.23 mM; lactate dehydrogenase, 16 U/ mL. The reaction was triggered by 
the addition of 200 pL of cell-free extract in 800 pL of reagent (Giles et al., 1976). 
2.8. Elemental and macromolecular composition analysis 
The samples for elemental and macromolecular analysis were collected from the 
different S. clavuligerus batch cultures. 20 mL samples were collected every 12 
or 24 h on ice, then centrifuged at 3,500 rpm for 1 min The pellets were then 
frozen at -20 'C. The pellets were thawed and washed twice with 5 mL RO water 
before freeze-drying in an Edwards Modulyo (UK) freeze-dryer and kept in a 
vacuum dessicator. The composition of the biomass was determined from the 
freeze-dried pellets. 
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2.8.1 Elemental analysis 
The determination of Carbon, Hydrogen and Nitrogen composition of freeze-dried 
biomass was carried out using a CHN elemental analyser CE-440 (Exeter 
Analytical). Oxygen content was assumed to be the remaining percentage of the 
elemental composition. 
2.8.2 Determination of the macromolecular composition of the biomass 
2.8.2.1 DNA 
The DNA was extracted from biomass by treating 50 mg biomass with 4 mL of 
HC104 (60%) at 70 'C for 15 min. The mixture was then centrifuged at 12,000 
rpm for 5 min and the extraction step was repeated on the supernatant until no 
pellet was observed after centrifugation. The assay reagent was prepared by 
addition of 100 pL acetaldehyde (1.6%) to 20 mL diphenylamine reagent (1.5 g 
diphenylamine with 1.5 mL concentrated 
H2SO4 in 100 mL glacial acetic acid) 
(Burton, 1956). 1 mL of extract was mixed with 2 mL reagent and incubated at 
30 OC for 17 h. Absorbance measurements were taken at 600 nm and the DNA 
content was calculated using calf thymus DNA standards (Sigma, UK) dissolved 
in 60 % HC104 to 100 to 500 pg/ mL. 
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2.8.2.2 RNA 
The RNA was extracted from biomass by HC104 treatment as described above. 
The sample was then centrifuged at 12,000 rpm for 5 min and the extraction step 
was repeated on the supernatant until no pellet was observed after 
centrifugation. The assay reagent was prepared by addition of 1 volume 1% 
orcinol solution to 4 volumes of a solution of 0.02 g FeC13.61-120 in 100 mL 
concentrated HCI. 2 mL of the orcinol reagent were mixed with 2 mL of sample 
and boiled at 100 OC for 15 min. 11 mL butan-1 -ol was added to the sample and 
the absorbance was measured at 640 nm (Ashwell, 1957). The RNA content was 
calculated using RNA standards (Sigma, UK) dissolved in 60 % HC104 to 100 to 
500 pg/ mL. 
2.8.2.3 Protein 
0.2 mg of freeze-dried biomass was resuspended in 1 mL water. 0.5 mL of the 
sample was placed in a thick walled test tube and 0.5 mL of 1N NaOH was 
added. The mixture was allowed to boil for 5 min before cooling the tubes in 
water. 2.5 mL of a solution containing 48 volumes of 5% NaC03,1 volume 0.5 % 
CUS04.51-120 and 1 volume 1% sodium-potassium tartrate were added to the 
tube. After 10 min, 0.5 mL of Folin-Ciocalteu reagent (phosphomolybdate and 
phosphotungstate; Sigma, UK) was added and the tube was mixed. After another 
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30 min, the absorbance at 750 nm was measured (Lowry et al., 1951; Hartree, 
1972). Standards were prepared using bovine serum albumin (BSA) at 
concentrations between 25 and 200 pg/ mL. 
2.8.2.4 Lipid 
0.5 g biomass was resuspended in 100 pL water. 2 mL of concentrated H2SO4 
was added to each tube and then incubated in boiling water for 10 min. After 
cooling the tubes at room temperature for 5 min, 5 mL of vanillin reagent (0.12 
vanillin in 68 % phosphoric acid) was added and the tubes were incubated at 37 
OC for 15 min before measuring the absorbance at 530 nm (Izard and Limberger, 
2003). Triolein standards of 0,12.5,25,50 pg/mL were prepared in isopropanol. 
2.8.2.5 Trehalose and glycogen assay 
10 mg biomass was digested in 0.25 mL of 0.25 M Na2CO3at 95 OC for 4 h. 0.15 
mL of 1M acetic acid and 0.6 mL of 0.2 M sodium acetate were then added. 500 
pL of the digested biomass suspension was incubated with 0.025 U trehalase 
overnight at 37 'C overnight, while the other 500 pl- was incubated with 0.6 U 
amyloglucosidase from Aspergillus niger at 57 OC overnight with constant 
agitation (Parrou and Francois, 1997). The samples were then centrifuged for 3 
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min at 5000 g and the glucose released from the enzymatic reactions was 
measured using a Trinder reagent for glucose determination (Sigma, UK; Trinder, 
1969). Glucose standards of 0,0.5,1,2,4,5 mg/mL were prepared for the 
standard curve. 
2.8.2.6 Total carbohydrate assay 
600 pg of biomass was resuspended in 2 mL of RO water in glass tubes. 0.5 mL 
5% phenol was added and the tubes were subsequently vortexed before adding 
5 mL concentrated H2SO4 with vortexing. The tubes were then capped and 
incubated for 10 min at room temperature followed by 60 min at 25-30 'C. The 
absorbance was then measured at 488 nm and glucose standards were used for 
calculating the total carbohydrate content (Dubois et al., 1956). Glucose 
standards of 0,12.5,25,50 pg/mL were prepared for the standard curve. 
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2.9. DNA microarrays 
2.9.1 RNA isolation 
Two 10 mL samples were taken from the bioreactor culture at 96 h and collected 
into sterile glass universal tubes pre-washed with ethanol. Each sample was 
added to a RNase-free 50 mL plastic Falcon tube containing 20 mL RNAprotect 
Bacteria Reagent (Qiagen) and mixed immediately by vortexing for 5 seconds, 
then incubated at room temperature for 5 min and centrifuged for 10 min at 3,500 
rpm (Heraeus Labofuge@400, Thermo Scientific, UK). The supernatant was 
decanted and residual supernatant was removed by gently dabbing the inverted 
tube once onto a paper towel. The pellets were frozen at -800C. Before 
extracting the RNA, the pellets were thawed and then resuspended in 10 mL of 
TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) by vortexing. 2 mL of the 
suspension was used for RNA extraction and the remaining sample was frozen 
again. The 2 mL suspension was centrifuged briefly and the pellet was 
resuspended in 100 ýtl- lysozyme solution (15 mg/mL in TE buffer). The sample 
was vortexed for few seconds and then incubated at 37 OC for 30 min. 
350 pL RLT buffer (Qiagen RNeasy protocol) was added and the sample 
was vortexed vigorously. The cells were burst open with the Tissue Lyser (2 
rounds of 20 sec; Qiagen, UK) and 0.5 mL of a phenol/chloroform/isoamyl 
alcohol mixture (25: 24: 1) were added. The sample was vortexed for 30 sec and 
centrifuged at 3,500 rpm for 10 min, 40C. The upper, aqueous phase was 
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removed and placed into a new eppendorf tube. The same step was repeated 
once. Chloroform (0.4 ml-) was added to the aqueous layer from the previous 
step. The sample was vortexed for 30 sec and centrifuged at 3,500 rpm for 10 
min (4 OC). The aqueous phase was collected and loaded onto a gDNA 
eliminator column (included in RNeasy Plus Mini kit, Cat. No. 74134, Qiagen). 
The sample was centrifuged at 12,000 rpm for 30 sec. Ethanol (0.25 ml-) was 
added to the eluate and the sample was mixed by pipetting. 
700 pL of the lysate was loaded on an RNeasy Mini spin column placed in 
a2 mL collection tube, centrifuged for 15 sec at 12,000 rpm and the flow-through 
discarded. 
The RNeasy Mini spin column was placed in a new 2 ml collection tube. 
500 pL Buffer RPE was added and the sample was centrifuged for 15 sec at 
12,000 rpm to wash the spin column membrane. The flow-through was 
discarded. The same step was repeated with a2 min centrifugation this time to 
ensure that no ethanol is carried over during elution. 
The column was placed in a new 1.5 mL collection tube. 30 pL RNase- 
free water was directly added to the spin column membrane and centrifuged for 1 
min at 12,000 rpm to elute the RNA. This was repeated once more with 30 pL of 
water. 
RNA quantity and purity were evaluated using a Nanodrop@ ND-1000 
Spectrophotometer, (Nanodrop Technologies, Montchanin, USA). The sample 
type "RNA-40 for RNA samples" was selected and nuclease-free water was used 
to initialize and blank the spectrophotometer. 1 ýtl- of RNA sample was loaded 
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onto the Nanodrop@). A scan from 230 - 350 nm was completed automatically. 
Determination of concentration (ng/ýtQ is based on the absorption at 260 nm. 
The ratio of absorbance at 260/280 nm is used as the primary measure of nucleic 
acid purity, with a 260/280 ratio of -2.0 is acceptable for RNA samples. 
For further analysis of RNA quality an Agilent 2100 Bioanalyzer chip was 
used (RNA 6000 Nano Assay, 2003). RNA samples were denatured for 2 min at 
70'C and 1 pL of each loaded per well. The Bioanalyzer chip was vortexed for 1 
min on an IKA vortexer at 2,400 rpm. After cleaning the sensors of the reader 
with RNase zap (Ambion Inc., USA) and RNase-free water the bioanalyzer chip 
was loaded on the Agilent 2100 Bioanalyzer and scanned with the appropriate 
software. RNA 6000 ladder (Ambion Inc., USA) was used as a RNA size marker. 
2.9.2 cDNA labelling and hybridisation 
S. coelicolor PCR microarrays including 87 additional S. clavuligerus gene 
probes (developed by Claire Mercier, batch code SCCP2, printed by University of 
Surrey Microarray Group) were used in this experiment. These genes were 
chosen as they code for antibiotic biosynthetic enzymes, regulatory factors of 
secondary metabolism and metabolic enzymes important for the synthesis of 
clavulanic acid precursors. Details about these genes can be found in the CD at 
the back of the thesis (Appendix 111; Mercier, 2007). 
15 ýtg of each RNA sample was added to a plastic 1.5 mL RNase-free 
Eppenclorf tube followed by 1.7 ptL of random hexamer primers (3 pg/pL; 
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Invitrogen, Cat. No. 48190-011) and RNase-free water up to 16.9 ýtL (for Cy3 
dye) or 15.9 ýtl- (for Cy5 dye). The samples were then incubated at 70 OC for 10 
min, snap cooled on ice and microfuged briefly. 
The following labelling mastermix was prepared (per reaction): 5x First 
Strand Buffer, 6 ýiL; 100 mM DTT, 3 ýtL; dNTPs (25mM each dATP/ dGTP/ dTTP, 
lOmM dCTP), 0.6 gL; Cy3-dCTP, 1.5 gL or Cy5-dCTP, 2.5 gL (Amersharn 
Biosciences, Cat. No. PA53021 (Cy3) and PA55021 (Cy5)); (these were mixed 
gently and microfuged briefly) and then 2 ýtl- Superscript III reverse transcriptase 
(20OU/ ýtl-; Invitrogen) was added. This mix was added to the RNA sample mix 
and spun briefly. The final mix was incubated at room temperature (20-25 OC) for 
10 min protected from light followed by another incubation at 42 OC for 150 min, 
again protected from light. To denature remnant RNA after clDNA synthesis 10 ýtl- 
of 1M NaOH was added followed by a 10 min incubation at 700C protected from 
light. 10 gL of 1M HCI was added to neutralise the solution. 
The labelled cDNA was purified using a MinElute PCR Purification Kit 
(Qiagen, UK). 250 ýtl of Buffer PB was added to 50 [tL of the cDNA reaction mix 
and mixed. This was applied on the MinElute column and centrifuged at 13,000 
rpm for 1 min. The flow-through was discarded. To wash, 750 pL Buffer PE was 
added to the MinElute column and the samples were centrifuged for 1 min. The 
flow-through was discarded and the MinElute column was placed back into the 
same tube the column for an additional 1 min. The MinElute column was placed 
in a clean 1.5 mL microcentrifuge tube. To elute DNA, 15 [tL Buffer EB was 
added to the center of the membrane for 1 min before centrifuging. This step was 
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repeated once. For each Cy-cDNA sample the concentration of Cy nucleotides 
was measured spectrophotometrically (NanoDrop@) at 550 nm (Cy3) or 650 nm 
(Cy5). For the cDNA vs. cDNA analysis, an aliquot of Cy-cDNA containing 45 
pmol of Cy nucleotides (Cy3 and Cy5) were mixed together and then dried 
completely in a SpeedVac evaporator (Uniscience, UK) at 25 OC, for 15 min. The 
samples were then stored at -20 OC (protected from light). For the cDNA vs. 
gDNA analysis, 45 pmol of cy3-cDNA and 20 pmol of Cy5-gDNA were used. 
The labelled cDNA mix was dissolved in 45pL of Pronto! cDNA/Long0ligo 
Hybridisation Solution (supplied with the Pronto! Universal Microarray 
Hybridisation kit) and vortexed for 1 min (final concentration of each cDNA- 
incorporated Cy dye 1 pmol/pL), before incubation at 95 'C for 5 min and brief 
centrifugation at room temperature. The pre-hybridised array (see section 2.9.4) 
was placed in a Corning@ Hybridization Chamber (pre-washed with nuclease- 
free water and ethanol) which was preheated on a Electrothermica heat block 
(420C). The labelled cDNA solution was pipetted onto the array and the cover 
glass carefully placed on the array. 30 pL 3x SSC was added to each well of the 
hybridization chamber and the hybridisation chamber sealed and incubated at 42 
OC for 22 h. The method described here was optimised by the University of 
Surrey Microarray Group. 
2.9.3 qDNA labelling 
5 pg of S. clavuligerus gDNA (provided by Dr Hongjuan Zhao) were mixed with 1 
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pL random primers (Invitrogen) and the volume was made up to 41.5 pL using 
nuclease-free water. The gDNA was denatured at 95 OC for 5 minutes and snap- 
cooled on ice. 5 pl- Klenow Buffer (10x) (New England Biolabs), 1 pl- dNTPs 
(5mM each dA/G/TTP, 2mM dCTP) (Invitrogen), 1.5 pL Cy3-dCTP or Cy5-dCTP 
(Amersham Biosciences), 1 pl- Klenow Fragment (5U/pL) (New England Biolabs) 
were added and the labelling mix was incubated at 37'C overnight, protected 
from light. The labelled gDNA was then purified using Qiagen MinElute columns 
and its quantity and purity was evaluated by the Nanodrop spectrophotometer. 
2.9.4 Arrav Pre-treatment and washinq 
To pre-soak and pre-hybridize the microarray slides, the required volumes of 
Pronto! Universal Pre-Soak Solution and Pronto! Universal P re- Hybridization 
Solution were heated to 42 OC for 30 min in water bath. One Sodium Borohydride 
Pre-Soak Tablet was added (under fume hood) to 100 mL of 42 OC Pre-Soak 
Solution and allowed to dissolve completely after swirling gently to mix (use 
within 30 min). The arrays were immersed in this solution and incubated at 42 OC 
for 20 min. Then they were transferred to Wash Solution 2 (see below) and 
incubated at room temperature for 30 sec. This step was repeated with fresh 
Wash Solution 2. The arrays were transferred to 42 IC Universal Pre- 
Hybridization Solution and incubated for 15 min and again to Wash Solution 2 
and incubated at ambient temperature for 1 min. They were transferred to Wash 
Solution 3 and incubated at ambient temperature for 30 sec. This step was 
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repeated with fresh Wash Solution I Finally, the arrays were transferred to 
nuclease-free water and incubated at ambient temperature for 30 sec. They were 
dried by centrifugation at 2,500 rpm for 2 min and placed face up on a clean 
wipe. The Wash Solutions (Pronto! Universal Microarray Hybridisation kit) were 
prepared as follows: Wash Solution 1: 447.5 mL of deionised water, 50 mL of 
Wash Reagent A, 2.5 mL of Wash Reagent B; Wash Solution 2: 1425 mL of 
deionised water, 75 mL of Wash Reagent A; Wash Solution 3. - 1200 mL of 
cleionised water, 300 mL of Wash Solution 2. Wash Solution 1 was preheated to 
42 OC for 30 min. For washing, the hybridisation chamber was first disassembled 
right side up and the arrays were immersed in Wash Solution 1 at 42 *C until the 
cover glass moved freely away from the slide. The arrays were then transferred 
to a fresh container of Wash Solution 1 at 42 OC and incubated for 5 min with 
gentle agitation, on a shaker platform at 60 rpm. Then they were transferred to 
Wash Solution 2 at room temperature and incubated for 2 min with gentle 
agitation. This step was repeated with fresh Wash Solution 2 in a new container. 
The arrays were transferred to Wash Solution 3 at ambient temperature and 
incubated for 2 min with gentle agitation. This step was repeated in a fresh 
container of Wash Solution 3. The arrays were dried by centrifugation at 2,500 
rpm for 2 min. They were stored in a lightproof container until scanning. 
2.9.5 Experimental design, scanntg and data analysis 
Two microarray experiments were performed: an exploratory cDNA vs. cDNA 
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experiment using one biological sample from each condition (olive oil- and 
glycerol-containing culture; 96 h) and a more intricate cDNA vs. gDNA 
experiment using three biological replicates from each condition (96 h). In the 
latter approach, samples collected at 60 and 72 h were also analysed (n=l) for 
monitoring gene expression levels before the crucial time point (96 h), when 
clavulanic acid production is maximal. 
A 'dye swap' block design was used for the cDNA vs. cDNA experiment 
(Figure 2.2), in order to protect against the dye effect. The dye effect is defined 
as the differential incorporation of the two dyes (Cy3 and Cy5) in the target 
cDNA, causing a difficulty in comparing the gene expression data of the two 
channels. By using a 'dye swap' block design, with one array cDNA1-Cy3 and 
cDNA2-Cy5 and a second array cDNA1-Cy5 and cDNA2-Cy3, the results can be 
cDNA 
096 G96 
Cy3 
M 
CY5 
G96 096 
cDNA 
Figure 2.2. Scheme of the experimental design followed for the cDNA vs. cDNA 
experiment. On each slide, Cy3-labelled (red) and Cy5-labelled (green) cDNA from 
the fermentation samples was hybridised. 0- cDNA from olive oil-grown cells; G- 
cDNA from glycerol-grown cells. The two cDNA samples (096 and G96) were 
labelled with both dyes, with each slide having one Cy3- and one Cy5-labelled 
sample (dye swap). The number on each cDNA sample refers to the time point it was 
collected (96 h). 
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later normalised for the dye effect (Wit and McClure, 2004). 
A cDNA vs. gDNA microarray approach (a common reference design) was 
then followed, as information about the relative (relative as microarrays are only 
semi- quantitative) expression levels of each gene in relation to the reference 
sample (S. clavuligerus gDNA) was required. S. clavuligerus gDNA (labelled with 
Cy5) was used as a reference sample for normalising the results of the target 
cDNA from the fermentation samples (labelled with Cy3). The experimental 
design used is surnmarised in Figure 2.3 below. 
cDNA 
096-1 096-2 096-3 G96-1 G96-2 G96-3 060 072 G60 G72 
gDNA 
Figure 2.3. Scheme of the experimental design followed for the cIDNA vs. gIDNA experiment. 
On each slide, Cy3-labelled cIDNA from the fermentation samples (red) and Cy5-labelled S. 
clavuligerus gIDNA (REF; green) was hybridised. 0- cIDNA from olive oil-grown cells, 
G- 
cIDNA from glycerol-grown cells. The numbers on each cIDNA sample refer to the time point 
it 
was collected (60,72,96 h). In the case of the 96 h samples biological triplicates were 
available (1-3). 
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The arrays were scanned using an Affymetrix 428 Array Scanner and 
related software. Gain was set at 55-60 depending on the intensity of the spots. 
By using BlueFuse v3.0 software (BlueGnome, UK) the array grids were 
adjusted, the spots were quantified and Excel output files (one for each array) 
were obtained. The quality assessment, as well as the data normalisation and 
filtering that followed were carried out by Dr Emma Laing (University of Surrey 
Microarray Group). By using the R 2.11 software (limma package) (Smyth, 2004; 
Yang et al., 2001; R Development Core Team, 2006) the data in the output files 
were used to examine the arrays for spatial effects (for instance due to presence 
of dust particles, buffer residue or bubble formation during preparation of the 
slides). With the same software, within array normalisation (dividing each spot 
measurement on the array by the robustspline (cDNA vs. cDNA experiment) or 
by the global median (cDNA vs. gDNA experiment) for that array) and across 
array normalisation (values for all arrays scaled to have the same median 
absolute deviation (MAD); the same distribution of data) were performed such 
that the data on all arrays would be directly comparable. The normalised intensity 
values of the duplicate spots for each gene were averaged, flagged and filtered 
in order to obtain only the spot intensity values of good quality (Quality =1 and 
FLAG = A-D, based on the output of the BlueFuse v3.0 software (BlueGnome, 
UK). The resulting information was analysed by the Rank Products (RP) method 
(Breitling et al., 2004) and imported to Genespring GX v7.3 software (Agilent 
Technologies, USA) for further handling and graphical visualisation. 
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2.10. Metabolomics 
2.10.1 Extraction of intracellular metabolites by sonication 
10 mL samples were collected at 96 h from S-clavuligerus fermentations (2-2.5 
mg/mL biomass) growing with either glycerol or olive oil. Each sample was 
concentrated to 5 mg/ mL biomass after centrifugation at 3,500 rpm for 10 min at 
4 'C and resuspension of the pellet in 5 mL of sterile and ice cold phosphate- 
buffered saline (PBS, Oxoid, UK). 500 pL aliquots were prepared and frozen at - 
80 'C for future use. 
0.2 mg of biomass from these samples in PBS (500 pL total volume) and 
a 500 pl- PBS blank were sonicated (Ultrasonicator XL, Heat Systems, USA) 
three times (20 sec on/30 sec ofý on ice to lyse the cells. The lysate was 
centrifuged at 12,000 rpm for 10 min at 4 OC to pellet cell debris. 200 pL of each 
supernatant was transferred to a fresh microtube and 800 pL ice-cold 100 % 
acetonitrile was added for protein precipitation. Lysates were vortexed for 15 sec 
and incubated on ice for 30 min. After incubation, the lysates were centrifuged at 
12,000 rpm for 10 min at 4 'C and 800 pL of the supernatant was transferred into 
fresh 1.5 pl- microtubes. The remaining pelleted material was washed with a 
further 400 pL 100 % acetonitrile, vortexed for 15 sec and incubated on ice for 30 
min. The washed pellet was then centrifuged at 12,000 rpm for 10 min at 4 'C 
and 400 pL of supernatant was removed and pooled with the previous 800 pL 
and frozen at -80 'C. Frozen metabolite samples were then freeze-dried at -40 
OC for 6-8 h to remove acetonitrile and stored at -80 OC. Prior to LC-MS analysis, 
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freeze-dried metabolites were thawed and resuspended in 100 pL ice-cold Milli-Q 
water on ice, vortexed for 15 sec and centrifuged at 12,000 rpm at 4 OC for 10 
min. 75 pL of the resuspended samples was transferred to plastic HPLC vials 
and kept at -20 OC until analysis. 
2.10.2 Biomass curve 
A glycerol-containing fermentation sample was used to create a biomass curve 
by dilution with ice-cold PBS. Blanks were used for each diluted sample using P- 
limiting media (0.6 % glycerol + 0.1 % antifoam). Metabolite extracts were 
prepared as mentioned above. 
2.10.3 Extraction of intracellular metabolites by lysozyme treatment 
The pellets from 10 mL samples (2-2.5 g/L biomass) were resuspended in 5 mL 
PBS and aliquoted in 1 mL volumes. Before extraction the pellets were thawed at 
room temperature for approximately 15 min and mixed by vortexing for 20 sec. 
0.4 mg of each pellet was added to a fresh tube and PBS added to 310 pL. 10 pL 
of lysozyme (50 mg/ mL in PBS) was added and the samples mixed by tapping 
the tubes gently and incubated the 37 OC for 1 h. The samples were freeze- 
thawed for 5 cycles (at -80 OC and room temperature for at least 20 min). 40 pL 
methanol and 40 pL PIPES (1 mM) were added and the samples were mixed by 
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vortexing for 20 seconds. The samples were centrifuged at 10,000 rpm for 10 
min at 4 OC and filtered through 5 kDa protein concentrator filters (Millipore, UK), 
by centrifuging at 10,000 rpm for 16 min at 40C. Lastly they were incubated at -80 
IC for 1 h. 
Standard solutions of the following metabolites were prepared in PBS 
buffer (filtered through a 0.2 pm filter): acetyl-coA, L-arginine, 2-ketog I uta rate, 
citrate, L-citrulline, potassium clavulanate, D-fructose-1,6 bisphosphate, D- 
glyceraldehyde-3-phosphate, dihydroxyacetone phosphate, L-glutamate, 
glycerol, glycerol-3-phosphate, L-ornithine monohydrochloride, palmitate, 
pyruvate, glycine. The concentrations of the prepared standard solutions were: 0 
mM, 0.0000156 mM, 0.000156 mM, 0.00156 mM, 0.0156 mM, 0.156 mM. 
40 ýtl- methanol and 40 ýtl- PIPES (1,4-piperazinediethanesulfonic acid) 
were added in each standard sample and vortexed. The samples were incubated 
at -80 OC for 1h in preparation for freeze-drying. PIPES was used as an internal 
standard for normalising the obtained integration values for specific metabolites. 
Palmitate was treated differently as it is not water-soluble. 0.5 mM solution 
in isopropanol was prepared and vortexed for 1 min. Methanol and PIPES were 
added as above and the sample was not frozen at -800C. 
Both bacterial extracts and metabolite standards were freeze-dried at -40 
IC. The dried pellet was resuspended in 100 pL Milli-Q water by vortexing for 20 
sec and the samples centrifuged at 10,000 rpm for 10 min at (4 *C). 90 pL were 
transferred into HPLC vials (Waters, UK), avoiding any pellet in the tube or 
formation of bubbles in the vial. 
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2.10.4 LC-MS analvsis 
Metabolite samples and blanks were analysed using Liquid Chromatography- 
Mass Spectrometry. An Ultraperformance Liquid Chromatography (UPLC) 
system (Waters Acquity) together with a Waters Electrospray lonisation 
Quadrupole-Time of Flight Premier 
TM 
Mass Spectroscopy (ESI Q-TOF MS) 
system (Waters, USA) was used. The metabolites in each sample were 
separated on a Waters HHS T3 column (2.1 x 100 mm; Cat. No. M956358AD1) 
maintained at 40 OC, with a flow rate of 0.6 mL/min (171.1 cm/h). Buffer A was 
99.9 % HPLC-grade H20with 0.1 % formic acid. Buffer B was 99.9 % HPLC- 
grade acetonitrile with 0.1 % formic acid. The gradient elution lasted for 10 min 
under the control of twin binary pumps. The changes in buffer A% were: 100% 
between 0-3 min; gradually down to 80% between 3-6 min; gradually down to 0% 
between 6-8 min, maintained at 0% 8-9 min; and gradually up to 100% 9-10 min 
(Figure 2.4). Any decrease in Buffer A was always complemented by Buffer B up 
to 100%. The sample injection volume was 5 pL per run, in triplicate. All samples 
were maintained at 4 OC until injection onto the UPLC column. The eluted 
molecules were introduced to a Q-TOF MS and analysed in both ESI+ and ESI- 
mode. Prior to use, the Q-TOF was calibrated in a mass range of 50-850 Da with 
TM 
sodium formate. The Q-TOF was connected with a LockSpray device that 
provided leucine-enkephalin as an internal reference ion to compensate for ion 
d rift. 
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Figure 2.4. The UPLC elution gradient used for the LC-MS analysis of intracellular 
metabolites. (-) % Buffer A; (-) flow rate. Decrease in Buffer A was 
complemented by Buffer B to 100%. 
2.10.5 Data analvsis 
The data obtained by MassLynx""' software (Waters, USA) was exported into 
SIMCA-P+ 11 (Umetrics, Sweden) for statistical processing using Principal 
Component Analysis (PCA) and Partial Least Squares-Discriminant analysis 
(PLS-DA). 
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Chapter 3: 
S. clavuligerus cultures in medium 
containing oil as carbon source 
3.1 Chapter overview and obiectives 
As mentioned earlier in section 1.3.3, oils are routinely used by the industry as 
carbon sources for growing microorganisms and are considered preferable to 
simple sugars or glycerol because of their low market price, their high energy per 
weight ratio (Stowell, 1987) and their antifoam properties (Gottschalk et al., 2003 
). However, there is little information about use of oils for growing S. clavuligerus. 
The objectives of the work described in this chapter are to investigate 
whether it is possible to use oils for growing S. clavuligerus and to optimise the 
culture method for S. clavuligerus in oil-containing media in shake-flasks, before 
attempting to grow S. clavuligerus with oil in a laboratory-scale bioreactor. 
A mixture of sunflower oil with glycerol was initially selected as the starting 
substrate for growing S. clavuligerus. The effects of agitation rate and pre-culture 
duration on clavulanic acid production in shake-flasks were investigated and the 
ability of oil to prevent clavulanic acid degradation examined. A method for 
improved sporulation was also developed and the optimal spore isolate was 
selected for establishing a spore bank, for use in later experiments. 
More oils were later tested for their ability to act as as sole carbon sources 
and were compared, in terms of cell morphology, cell growth and clavulanic acid 
levels. The most effective oil was selected to be used for further studies. 
In the bioreactor, oil and glycerol were compared as sole carbon sources 
and the medium components were monitored frequently during culture, 
eventually providing a complete biochemical profile of the two cultures. 
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3.2 Optimisation of clavulanic acid production in shake-flasks 
3.2.1 The effect of a_qitation rate on clavulanic acid production 
Agitation rate is an important factor for good oxygenation and mixing of a 
microbial culture (Roubos et aL, 2001). In addition, flask agitation rate is crucial 
for the maintenance of a good oil emulsion, in oil-containing cultures, which is 
essential for access of the bacteria to the lipid substrate (Erler et al., 2003). 
Therefore, an experiment was performed for determining the optimal flask 
agitation rate for oil-containing cultures. 
As observed in Figure 3.1, the levels of clavulanic acid produced at an 
agitation rate of 135 rpm were marginally higher than these produced at 200 rpm. 
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Figure 3.1. Clavulanic acid levels were measured in shake-flask cultures with 
sunflower oil shaken at 135 (e) and 200 rpm (m) (P-limiting medium). All 
experiments were performed in triplicate. Data shown as avg ± SD (n=3). 
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Clavulanic acid levels reached 60 mg/L in the flasks shaken at 135 rpm (96 h), 
while they only reached 42 mg/L in the flasks shaken at 200 rpm (72 h). In 
addition, the amount of lipid and biomass sticking on the glass wall of the flask 
during the culture was significantly less at 135 rpm and the cells appeared less 
fragmented under the microscope, compared with 200 rpm. Therefore, an 
agitation rate of 135 rpm was used for further experiments. 
3.2.2 The effect of pre-culture duration on clavulanic acid production 
Another crucial parameter for the performance of a S. clavuligerus flask culture 
is the age of the inoculum (Pinto et al., 2004; Neves et al., 2001). To test whether 
samples should be taken from a S. clavuligerus culture at 24 h (late log phase) or 
48 h (late stationary phase) for inoculation of the production flasks, an 
optimisation experiment was performed in both glycerol and glycerol + oil flask 
cultures of S. clavuligerus. 
Figure 3.2 shows the levels of clavulanic acid produced in flasks 
inoculated with samples from 24 h and 48 h pre-cultures. For flasks containing 
glycerol, clavulanic acid levels reached 85 mg/L at 96 h with a 24 h inoculum, 
while they only reached 40 mg/L with a 48 h inoculum. For flasks containing the 
glycerol and sunflower oil mixture, a 24 h inoculurn led to production of 40 mg/L 
of clavulanic acid at 48 h, which was higher than the 25 mg/L obtained with the 
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48 h inoculum. Overall in both media, the most effective duration for a pre-culture 
was 24 h. 
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Figure 3.2. Clavulanic acid levels at 96 h in shake-flask cultures (P-limiting 
medium) inoculated with sample from a pre-culture grown for 24 or 48h . Pre- 
culture durations: 24 h in glycerol (24 h G); 48 h in glycerol (48 h G); 24 h in 
glycerol + oil (24h SFO); and 48 h in glycerol + oil (48 h SFO). All experiments 
were performed in triplicate. Data shown as avg ± SD (n=3). 
3.2.3 The effect of oil on clavulanic acid stability 
As part of the study on the oil-containing cultures of S. clavuligerus, an 
experiment was carried out for testing whether the presence of oil in S. 
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clavuligerus cultures has an effect on clavulanic acid stability. 
When 45 mg/L of clavulanic acid was added to a flask with RO water then 
the levels of the antibiotic decreased to 22 mg/L after 48 h, due to the sensitive 
nature of the compound (Roubos et al., 2002). Interestingly, when the same 
quantity of the antibiotic was added in a flask with a 0.6% sunflower oil aqueous 
solution the levels of clavulanic acid after 48 h were 34 mg/L (Figure 3.3). This 
suggests that the presence of oil in the solution may offer chemical and/or 
physical protection against clavulanic acid degradation. 
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Figure 3.3. The clavulanic acid levels in water at 0h (WO) and 48 h (W48) 
and in 0.6% sunflower oil solution at 0h (SFOO) and 48 h (SF048). All 
experiments were performed in triplicate. Data shown as avg ± SD (n=3). 
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3.3 Optimisation of an improved sporulation procedure 
A sporulation protocol that is routinely used in the laboratory for S. clavuligerus 
involves passage of the bacteria from a rich liquid medium (SV2) to a less rich 
liquid one medium (M5D+) and finally to a very poor solid medium (M5D-) 
(Mercier, 2007). This environmental stress induces the bacteria to sporulate. 
However, sporulation is a not-so-well understood process, subject to the effect of 
several genetic, biochemical and environmental conditions (Chater, 2001). For 
instance, Kontro et al. (2005) has shown that medium composition and pH have 
a direct effect on sporulation efficiency. Because of previously observed 
inconsistencies in the spore yield (data not shown), an optimisation of the 
protocol was necessary. This involved the analysis of a combination of these 
media as shown in Figure 3.4. When the bacteria where cultured on M5D+ (rich 
medium) they sporulated within 1-2 weeks on M5D-, giving high yield of spores 
(grey colonies), while bacteria that were not cultured on M5D+ sporulated within 
2-4 weeks and gave a lower spore yield. The spore yield was estimated by 
germinating the spores in a rich liquid medium (SV2) and P-limiting medium (with 
0.6% glycerol) and measuring optical density at 600 nm. SV2 cultures with sp2 
and sp3 had similar levels of biomass (OD60onm-0.6), while growth was less with 
sp4 (ODWonm-0.4). A similar profile was observed in P-limited cultures with the 
three spore isolates (Table 3.1). 
The cultures mentioned above were used as pre-cultures for inoculation of 
the test flasks, for which clavulanic acid and biomass were determined every 24 
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h. The inoculum size was adjusted to an OD600nm of 1.0 for all spore samples. 
The results of the flask experiments are shown in Figures 3.5 and 3.6. 
SV2 
Step 1 
SV2 M5D+ M5D- 
Step 2 
M5D- M5D- M5D- 
Step 3a 445D - M5D- 111A 5D- 
Step 3b M5D- M5D- M5D- 
sp2 sp3 sp4 
Figure 3.4. The strategy followed for the optimisation of the sporulation 
procedure. Samples from an SV2 broth were spread on SV2, M5D+ and M5D- 
plates. Three passages on M5D- plates followed and the spores were 
harvested and filtered. The culture duration for each step is also shown. 
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Spore suspension sp4 produced more clavulanic acid than sp3 in the flasks 
without oil (nearly 2-fold; p=0.001) (Figure 3.5). This was not the case in the 
flasks with oil, in which all spores produced similar amounts of the antibiotic, but 
the production level was overall lower compared with the flasks with no oil. Since, 
spore suspension sp3 produced similar levels of clavulanic acid in both media, in 
contrast with sp4 that produced less antibiotic in the oil-containing medium, it 
was selected for use in further experiments. Sp2 also produced similar levels in 
both media, but as its preparation took longer sp3 was preferred. 
Biomass changes were similar for all spore suspensions, in both media, 
reaching 0.15 mg/mL (Figure 3.6). 
Spore isolate name 
Sp2 
Sp3 
Sp4 
OD600nmin SV2 culture 
0.554 
0.582 
0.350 
QD600n in P-limited culture 
0.990 
1.004 
0.682 
Table 3.1. The levels of biomass obtained from each spore isolate in SV2 and P-limited 
flask cultured after 24 h of incubation. 
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Figure 3.5. Clavulanic acid levels produced by the three different spore isolates in 
(A) glycerol and (B) glycerol and sunflower oil cultures (P-limiting medium). (0) sp2, 
sp3- (e) sp4- All experiments were performed in triplicate. Data shown as avg 7 SD (n=3). 
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Figure 3.6. Biomass changes during cultures with by the three different spore 
isolates in (A) glycerol and (B) glycerol and sunflower oil cultures (P-limiting 
medium). (n) sp2; (A) sp3; (e) II sp4. 
All experiments were performed in triplicate. 
Data shown as avg ± SD (n=3). 
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3.4 Comparison of different oils as sole carbon sources for clavulanic acid 
production 
To examine whether oils can be used directly as a carbon source by S. 
clavuligerus, flask cultures with either glycerol or oil (in the absence of glycerol) 
were run for 216 h (Figure 3.7A). Clavulanic acid production with sunflower oil 
reached 18 mg/L at 168 h, compared with 25 mg/L produced in the glycerol 
flasks at 72 h. Production in olive and cod liver oil reached 47 and 60 mg/L 
respectively, at 192 h. 
Growth was faster in flasks with glycerol, peaking at 48 h (Figure 3.713). 
Cultures with olive oil peaked at 72 h, with slower growth observed in cod liver oil 
cultures at 96 h and sunflower oil cultures at 120 h. Growth in the sunflower oil- 
and cod liver oil-containing media was poor, reaching only half of the biomass 
concentration observed in the other media. 
Furthermore, a negative control flask (P-limited medium without carbon 
source) was used to confirm that the observed growth was due to oil 
consumption and not the result of carbon source transfer from the inoculum (data 
not shown). This showed that the amount of carbon source carried over from the 
inoculum culture to the production flasks had minimal effect on bacterial growth, 
therefore it could not have affected the results obtained from the production 
flasks. 
Table 3.2 summarises the properties of each oil used here. 
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Figure 3.7. Clavulanic acid production (A) and biomass (B) in cultures with 
glycerol (o), sunflower oil (m), olive oil (A) and cod liver oil (o) (P-limiting 
medium ). For glycerol and sunflower oi l n=3, for ol ive oil n=4 and for cod liver oil 
n=5. Where n, the number of biological replicates. Data shown as avg ± SD. 
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Cells grown in oil survived longer and maintained their characteristic morphology 
at 168 and 216 h, with some fragmentation observed for cells grown in sunflower 
oil, while extensive cell fragmentation was observed as early as 72 h for cells 
grown in glycerol (Figure 3.8). Streaking cells from the four media on nutrient 
agar, at 96 and 216 h, resulted in the appearance of several colonies for cells 
grown in oil but not for the ones grown in glycerol (1-2 colonies at 96 h), 
indicating a prolonged viability for the cells grown in oil (data not shown). Similar 
morphological effects were observed by Hamedi et al. (2004) for 
Saccharopolyspora erythraea cells consuming rapeseed, black cherry or shark 
oils and by Hsieh et al. (2006) for olive-oil consuming Grifola frondosa. 
Sunflower oil Olive oil Cod liver oil Glycerol 
CLA production low high highest low 
Biomass low high low high 
Solubility poor good good very good 
Visible lipid particles high no low not applied 
Antifoarn properties yes yes yes no 
Price low (-E 1 /L) average (-F-3/L) high (E7/L) h ig hest (E 15/1-) 
Table 3.2. A summary of the properties of the four substrates used in this project. 
Price information was based on a search in the market (UK only). Clavulanic acid 
and biomass information are based on the data displayed in Figure 3.7. The 
remaining details are based on observations of the flask cultures. 
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3.5 Bioreactor cultures 
After optimising the oil-containing culture in shake-flasks, S. clavuligerus cultures 
were performed in a laboratory-scale bioreactor. 
During culture of S. clavuligerus in the bioreactor, several samples were 
collected every 12 h and biomass and clavulanic acid levels were determined. 
Furthermore, information about gas exchange was automatically provided by the 
gas anayser linked to the bioreactor. 
In the olive oil fermentations, the bacteria entered early log phase at 48 h, 
the growth peaked at 72 h and subsequently bacteria entered stationary phase. 
In the glycerol fermentations, the bacteria showed an earlier entry in the log 
phase, at 36 h, with a later biomass peak, between 72 and 84 h, before the 
bacteria entered stationary phase (Figure 3.9). Growth levels were very similar, 
reaching 2.1 and 2.6 g/L at 84 h for the olive oil and glycerol fermentations, 
respectively. Clavulanic acid production started at 60 h and showed a peak at 96 
h for both cultures, reaching 48 and 54 mg/L for the olive oil and glycerol 
fermentations, respectively (Figure 3.9). However, both biomass and clavulanic 
acid yields (g Of Product per g of substrate) were higher in olive oil (0.690 and 
0.016, respectively) than glycerol fermentations (0.270 and 0.006, respectively; 
Table 3.3). 
Carbon dioxide production correlated with growth reaching its maximum 
(0.7% of total gas in the exhaust gas) between 60 and 72 h in the olive oil 
culture, after which it declined. In the glycerol fermentation. 
Carbon dioxide 
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peaked between 72 and 84 h, reaching 0.7%, after which it declined. Oxygen 
levels in the exhaust gas started at 21 % (of total gas in the exhaust gas) for both 
olive oil and glycerol cultures and decreased to 19%, at 60 h in the olive oil and 
at 72 h in the glycerol cultures (Figure 3.9). 
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Figure 3.9. Monitoring of culture characteristics such as biomass clavulanic a cid (CLA, 0), 
carbon diox ide emission (m), oxygen levels in the exhaust gas (A) and dissolved oxygen (DO) 
in the liquid culture (o), in (A) olive oil and (B) glycerol media. For bio mass and clavulanic acid 
measureme nts n=5, for the rest n=3, where n, the number of biological replicates. Data shown 
as avg ± SD (n=3). 
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Dissolved oxygen started at 100% and decreased down to 68 % in the olive oil 
culture (at 60 h), but only to 92% in the glycerol fermentation (at 72 h). These 
results are in agreement with the oxygen levels and growth curve patterns 
described above (Figure 3.9). This indicates that more oxygen is needed for 
oxidation of fatty acid than for oxidation of glycerol, which is in agreement with 
other studies (Large et al., 1998). 
Glycerol Olive oil Glycerol Olive oil 
Yield (grams Yield (grams Yield (mole Yield (mole 
product/ gram product/ gram product/ mole product/ mole 
substrate) substrate)* substrate) substrate)* 
Biomass 0.270 0.690 0.300 0.400 
Clavulanic 0.006 0.016 0.008 0.010 
acid 
Corrected for the glycerol supplied by TAGs 
Table 3.3 Yields for biomass and clavulanic acid in S. clavuligerus cultures with 
glycerol or oli ve oil as carbon source. Based on data from the literat ure (Harwood 
and Aparicio, 2000), the fatty acid content of olive oil was estimated to be (% w/w): 
13% palmitic acid, 3% stearic acid, 71 % oleic acid, 10% linoleic acid and 1% 
linolenic acid 
3.6 Biochemical assays 
In addition to biomass and clavulanic acid, other culture components were also 
frequently monitored during fermentation. 
Starting phosphate levels were 65 mg/L and gradually decreased until 
phosphate was exhausted in the medium at 60-72 h in the olive oil and at 
72 h in 
the glycerol fermentations. Ammonium levels were 950 mg/L at 5h and 
they only 
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decreased down to 860 and 790 at 96 h, for the olive oil and glycerol 
fermentations, respectively (Figure 3.10). 
(A) 
80 - 
60 - 
0) E 
40 - 
20 
Cn 0 
0 
-20 
0 20 40 60 80 100 
Time (h) 
(B) 
1000 - 
800 - E 
E 
2 600 - E 
0 E 
E 
< 400 - 
200 - 
0 20 40 60 80 100 
Time (h) 
Figure 3.10. Phosphate (A) and ammonium (B) levels during fermentation in olive oil 
(o) and glycerol media (o). All experiments were performed in triplicate. Data shown 
as avg ± SD (n=3). 
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Free fatty acids were first detected in the olive oil medium at 24 h (5 mg/L) 
and their concentration peaked at 72 h, when it reached 76 mg/L (Figure 3.11). 
However, these levels were much lower than the theoretical calculation of 5.4 g/L 
(considering the amount of olive oil present in the medium). Very low free fatty 
acid levels were detected in the glycerol culture (below 3 mg/L). 
Triglyceride levels decreased from 9.9 g/L (at 5 h) to 7.5 g/L (at 24 h) in 
the olive oil fermentation, after which they remained constant (Figure 3.11). This 
indicates that only a fraction (-25%) of the oil was utilised by the bacterium. Very 
low triglyceride levels were detected in the glycerol fermentation (below 1.5 g/L). 
Very low levels of glycerol were detected in the olive oil fermentation 
(below 0.2 g/L) (Figure 3.12). In the glycerol culture, the starting glycerol levels 
were 9 g/L and were exhausted by 84 h, when glycerol was exhausted (Figure 
3.12). Lipase measurements revealed similar patterns for both media. Lipase 
concentration peaked at 72 h in both fermentations, reaching 150 and 200 pg/L 
for the olive oil and glycerol fermentations, respectively (Figure 3.12). 
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Figure 3.11. Triglyceride (TAG, A) and unesterified fatty acid (UFA, B) levels during 
fermentation in olive oil (o) and glycerol media (o). All experiments were performed in 
triplicate. Data shown as avg ± SD (n=3). 
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Figure 3.12. Glycerol (A) and lipase (B) levels during fermentation in olive oil (0) and 
glycerol media (o). All experiments were performed in triplicate. Data shown as avg 
SD (n=3). 
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Cells collected from the two fermentations at 96 h were observed by light 
microscopy (Figure 3.13). The integrity and the branching of the mycelia were 
good in both samples with very little fragmentation detected. In addition, lipid 
globules were seen attached to the cells of the olive oil fermentation, indicating 
that lipid was not exhausted at 96 h, in agreement with the triglyceride curves in 
Figure 3.11. 
(A) 
I *ý iy. r4 
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Figure 3.13. S. clavuligerus cells at 96 h, growing with glycerol (A) and olive oil (B). 
They were stained with Sudan black (11pid specific stain), counterstained with 
saffranin (red stain) and observed at 1000x magnification. 
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3.7 Discussion 
3.7.1 Optimisation of S. clavulýgerus culture in shake-flasks 
Flask agitation rate was a parameter considered to be of major importance due 
to the need for a good emulsion in the oil-containing cultures. Temperature (300C 
in this case) and bioemulsifiers produced by the bacterium during growth are also 
important parameters affecting oil emulsification (Ron and Rosenberg, 2001). 
However, cell fragmentation can result due to very fast agitation (Rosa et al., 
2005), often accompanied by attachment of material (lipids and biomass) on the 
flask wall. Cell fragmentation and loss of material was higher at 200 rpm than at 
135 rpm, therefore an agitation rate of 135 rpm was used throughout all the 
experiments. Lee and Ho (1996) used a flask agitation rate of 220 rpm for 
growing S. clavuligerus without reporting severe cell fragmentation. Here, 
clavulanic acid levels did not vary significantly in cultures shaken at 135 and 200 
rpm, indicating that the cell fragmentation observed at 200 rpm did not affect 
clavulanic acid synthesis. 
The effect of inoculum age on clavulanic acid production was also 
examined and the 24 h inoculum (late log phase) was found to lead to higher 
antibiotic yields than the 48 h inoculum (late stationary phase) (Figure 3.2). This 
is in agreement with the results obtained by Motkova et al., (1981) who showed 
that an inoculum at the late log/ early stationary phase leads to higher tobramycin 
production in Streptomyces cremeus fermentations. 
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Moreover, the ability of sunflower oil to protect clavulanic acid from 
degradation was investigated, as it would be an additional advantage of oils for 
S. clavuligerus fermentation. The protection that was offered was definitely not 
complete, however it was noteworthy (Figure 3.3). It is difficult to identify the 
exact physicochernical factors responsible for this, but it seems that an oil 
emulsion is a less harmful environment for the antibiotic than an aquatic one. 
Concerning the sporulation experiment, it is very interesting that sp4 
spores produced more antibiotic in glycerol-only medium, despite the fact that 
they grew less and slower on solid media without going through an M5D+ step. It 
is difficult to understand why this happened, but it could be speculated that 
growth in poorer media resulted in spores better prepared to produce secondary 
metabolites. The mechanisms involved in this kind of random selection are not 
clear. Epigenetic control changes could have occurred during culture, but they 
are difficult to detect without elaborate studies taking place. Speed of sporulation 
is not always related to growth or production in different media. For instance, 
Berwick (1988) studied growth and antibiotic production by three different 
Streptomyces species that each demonstrated a variable behaviour in 
sporulation, vegetative and production media. 
The early part of the flask culture optimisation involved the use of an 1: 1 
glycerol + sunflower oil mixture as the carbon source in the phosphate-limited 
medium for growing S. clavuligerus. It is possible that in such mixtures, the 
added glycerol is utilised first because it is directly accessible to the bacterium, 
while oils demand production of energy costing lipases and bioemulsifiers before 
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the fatty acids and the glycerol deriving from lipolysis of the triglycerides can be 
utilised. Similar approaches have been followed by Ortiz et al. (2006) that used 
soyabean oil as a supplementary substrate in a non-defined medium containing 
glycerol, for growing S. clavuligerus. Also, Lee and Ho (1996) and Peacock et al 
(2003) used palm oil and triolein respectively, as supplements to media 
containing other compounds as primary carbon sources, in order to grow S. 
clavuligerus ans S. fividans, respectively. 
However, in the case of the mixture used here, it was often observed that 
clavulanic acid production with such a substrate mix was inconsistent and often 
much lower than the production of the same antibiotic with glycerol-only. This is 
clearly demonstrated in Figure 3.2 which shows that clavulanic acid production 
with glycerol is higher than production with the mixture, regardless the duration of 
the pre-culture. Furthermore, when sunflower oil was tested as sole carbon 
source (Figure 3.7A), clavulanic acid levels only reached 20 mg/L, which was 
lower than the 28 mg/L achieved with glycerol-only. 
In addition to this, clavulanic acid levels peaked at 72 h with glycerol but at 
168 h with sunflower oil (Figure 3.7A). The early flask cultures were stopped at 
96 h, so it is very likely that oil utilisation was at a very early stage or that the 
bacterium was still utilising glycerol. 
Moreover, the early limitation of phosphate at 72 h could result to lack of 
phosphate for the bacterium to start using the oil. The oil was either not preferred 
or it wasn't easily available to the bacterium due to physical causes. Two-phase 
(oil-water) liquid mixtures are more complex environments than a single-phase 
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liquid, where the bacterium has a direct access to soluble molecules (i. e. 
glycerol). It could be that the bioavailability of glycerol is decreased in such a 
complex environment. This could explain why sometimes clavulanic acid 
production was much lower in the glycerol + oil mix. 
When other oils were tested (Figure 3-7A), it was proved that olive oil and 
cod liver oil were much better substrates than sunflower oil in terms of clavulanic 
acid productivity. Furthermore, the fact that high levels of clavulanic acid were 
achieved with olive oil- or cod liver oil-only indicated that the presence of glycerol 
in the medium is not essential for triggering oil consumption. This is the first 
report of oils being used as sole carbon sources and not supplements. Maranesi 
et al. (2005) and Choi and Cho (2004) reported successful use of soybean oil 
and olive oil respectively, however in those cases the oils were used in 
conjunction with other undefined nutrients present in complex media. 
The bacteria grew slower in the oil-containing media than in the glycerol- 
containing mediun and maintained good branching up to 216 h, while in the 
glycerol-containing medium they started fragmenting after 72 h (Figure 3.13). 
This slower growth could be because the bacteria need some time to produce 
lipases and biosurfactants before starting using the oil in an efficient way. Also, 
oils contain more energy than simpler carbon sources (Stowell, 1987), so they 
could sustain growth for longer. The different peaking points for biomass and 
clavulanic acid production, for the three oils, can be explained by the different 
biochemical composition of each oil. Sunflower contains the polysaturated fatty 
acids linoleic (18: 2) and linolenic (18: 3). Olive oil contains the monosaturated 
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oleic acid (18: 1), amongst the others mentioned in Table 3.3 (Harwood and 
Russell, 1984) and cod liver oil has the long polysaturated fatty acids 
eicosapentaenoic (20: 5) and docosahexaeanoic 22: 6) (Helland et al., 1998). With 
the growth patterns observed here it seems that the growth is faster with olive oil, 
which contains the monosaturated oleic acid. However, it is not yet clear how 
fatty acid saturation or chain length affect growth or clavulanic acid production. 
Perhaps less saturated fatty acids are more easily degraded by the bacterium, 
leading to more effective assimilation of the carbon source. 
Overall, the optimised method with use of oil as a sole carbon source was 
proved to be reliable and reproducible enough, for making possible further study 
of oil utilisation by S. clavuligerus. Such an optimisation of the substrate type in 
shake flasks was necessary before upgrading to larger-scale cultures, such as 
the 2L bioreactor used later, avoiding the trial-and-error approach that might 
have been followed. 
3.7.2 S. clavuAqerus culture in bioreactors 
Despite the fact that growth and clavulanic acid levels with glycerol were slightly 
higher than with olive oil, these differences are very small (Figure 3.9) and olive 
oil can be considered a good alternative substrate to glycerol for producing 
clavulanic acid, especially since the clavulanic acid yield was higher with olive oil. 
Also, phosphate is exhausted approximately at the same period, between 60 and 
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72 h, in both media (Figure 3.10). These results are in agreement with other 
experiments with the same P-limiting medium (with 6% glycerol as carbon 
source) performed by Ives and Bushell (1997), Bushell et al., (2006) and Mercier 
(2007). Also, the cultures were monitored up to 144 h in case more antibiotic was 
produced but clavulanic acid levels declined after 96 h in both media (data not 
shown). This is in contrast with the results obtained in shake-flasks in which 
antibiotic production peaked at 168 h for some oil-containing media (Figure 3.7). 
However, it is not always possible to compare shake-flask with bioreactor 
environments, because in the latter agitation and aeration is higher and pH is 
maintained stable. Therefore, growth and antibiotic production patterns may 
differ. 
AlthoughC02 levels were similar for both fermentations, the02 demand 
for growth with oil was higher (Figure 3.9). This can be due to the fact that the 
cell needs more oxygen to metabolise lipids than glycerol. In addition, all gas 
changes occurred at 60 h in the olive oil cultures and at 72 h in the glycerol ones, 
despite the fact that growth was slower in the olive oil medium. This can be 
because triglycerides are utilised early during culture, while glycerol is being 
taken up gradually by the cell (Figures 3.11 and 3.12). Also, 02 decrease was 
observed at the same timepoint as DO decrease, in both media. This indicates 
that there is good oxygen transfer from the vessel into the culture medium. It has 
to be noted that the variation of the gas data even between fermentations with 
the same medium was rather high (Figure 3.9). 
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Glycerol is exhausted at 84 h and the cells are slowly entering a starvation 
period during the stationary phase. However, the fact that phosphate was 
exhausted 24 h earlier makes the medium P-limiting and not C-limiting. 
It was also observed that very low levels of glycerol and free fatty acids 
were detected in the olive oil medium (Figures 3.11 and 3.12). According to 
Marshall (1976), when bacteria utilise oils, they are usually directly attached on 
the lipid droplets (as seen in Figure 3.13). Therefore, it is likely that triglyceride 
lipolysis, as well as fatty acid and glycerol uptake occur at the oil-bacterium 
interface and very rapidly, so it is difficult to detect their free forms in the 
supernatant. This also implies that lipases are located on the surface of the 
bacterial cell, something that is also supported by Large et al., (1999). 
Banchio and Gramajo (1997) studied fatty acid uptake in S. coelicolor and 
suggested that it occurs through a carrier protein located in the cell membrane. 
At the first step of the uptake process the fatty acid intercalates between the 
phospholipids of the cell membrane from where it is translocated into the 
cytoplasm or the inner layer of the cytoplasmic membrane by the carrier protein. 
Another surprising observation was the fact that lipase levels were higher 
in the glycerol cultures. Either glycerol also enhances lipase production or lipase 
is produced constitutively during culture. The fact that the lipase curves match 
the biomass curves could support the latter assumption. 
Finally, it is also very interesting that only the 25% of the triglycerides is 
consumed by the bacterium within the first 24 h of culture, after which triglyceride 
levels remain the same (Figure 3.11). Similar patterns have been also reported 
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by Hamedi et al., (2004) and Large et al., (1998) for olive oil-consuming 
Saccharopolyspora erythraea and S. clavuligerus, respectively. In both cases oil 
was taken up within the first 24 h and remained almost at the same levels until 96 
h. So, either this amount is enough to sustain growth or the bacterium is unable 
to utilise some of the fatty acids in the oil. 
3.8 Chapter summarv 
The work described in this chapter revealed that oils can be used as sole carbon 
sources for producing clavulanic acid. Exploratory studies on oil-containing 
cultures in shake flasks showed that olive oil utilisation led to higher clavulanic 
acid levels than other oils. Olive oil-containing batch cultures of S. clavuligerus 
were followed and the changes of the medium components and culture 
parameters during S. clavuligerus batch cultures with olive oil or glycerol 
monitored. This step was crucial for understanding S. clavuligerus physiology in 
the two media, before continuing to further investigation of the mechanism for oil 
utilisation by this bacterium. 
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Chapter 4: 
Biochemical characterisation of S. 
clavuligerus cultures in oil= 
containing medium 
4.1 Chapter overview and obiectives 
Knowledge of the profiles of cellular macromolecules, such as total protein or 
lipid, and of cellular elements, such as carbon or nitrogen, often provides 
interesting information about the physiology of an organism. For instance, by 
monitoring the changes in cellular macromolecules, one can examine the 
conversion of the substrates included in the medium into the different cellular 
components or even reveal the energy status of the cells. 
Bacterial pellets samples collected from the fermentations described in 
Chapter 3 were used here in order to determine the macromolecular and 
elemental composition of the obtained biomass. In addition, the activity of 
intracellular enzymes that were considered important in glycerol and fatty acid 
metabolism was measured. It was hypothesised that by comparing enzyme 
activities of bacteria cultured in olive oil- and glycerol-containing media, some 
light can be shed on the metabolic pathways involved for the biosynthesis of 
clavulanic acid, using the two different substrates. 
4.2 Analysis of bacterial macromolecular composition 
The levels of six major macromolecules were measured in the collected biomass 
samples from the olive oil- and glycerol-containing fermentations, at 48 h, 72 h 
and 96 h of culture. 
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Determination of DNA concentration showed that DNA levels were similar 
for the two culture conditions at 48 h (7-9 pg/mg), but showed an increase at 72 h 
(13-14 pg/mg vs. 6 pg/mg in the olive oil-grown cells), returning to similar levels 
at 96 h (8-12 pg/mg) (Figure 4.1). 
Total RNA was found to be more abundant in the glycerol-grown cells at 
48 and 72 h, decreasing at 96 h (60,78 and 30 pg/mg respectively), while for the 
olive-oil grown cells, RNA levels were low at 48 and 72 h and increased at 96 h 
(with 18,46 and 57 pg/mg respectively). 
The pattern of change for the two nucleic acids is similar, with both DNA 
and RNA peaking at 72 h in the glycerol-grown cells and then decreasing, while 
in the olive oil-grown cells they peaked at 96 h. However, the difference in the 
levels is not big, varying only between 0.6-1.3% for DNA and between 1.6-7.9% 
for RNA (Figure 4.2). 
Cell lipid measurements (Figure 4.2A) showed higher lipid levels in the 
olive oil-grown cells at 48 h (110 pg/mg compared to 18 pg/mg in the glycerol- 
grown cells). This difference decreased but remained at 72 h (70 pg/mg 
compared to 28 pg/mg in the glycerol-grown cells). At 96 h, the lipid levels were 
the similar in both olive oil- and glycerol-grown cells (between 15-30 pg/mg). 
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Figure 4.1. The DNA (A) and RNA (B) compositio n of drie d biomass collected from 
olive oil- (Ei) and glycerol-containing cultures (e) at 48,72 and 96 h. All 
measurements were performed in duplicate. 
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On the other hand, total carbohydrate levels (Figure 4.213) were significantly 
higher in the glycerol-grown cells at 48 h (57 pg/mg compared to 27 pg/mg in the 
olive oil-grown cells). The carbohydrate levels were equal at 72 h (47 pg/mg) and 
at 96 h they decreased in both cell olive oil- and glycerol-grown cells reaching 
15-38 pg/mg. 
It was observed here that lipid in olive oil-grown cells and carbohydrate in 
glycerol-grown cells had exactly the same pattern of change, starting at high 
levels (48 h) and gradually decreasing at 72 and 96 h. 
Protein varied similarly in both olive oil- and glycerol-grown cells starting 
from 325-400 pg/mg at 48 h, then slightly increasing at 72 h (350-440 pg/mg) 
and eventually decreasing significantly at 96 h (220-300 pg/mg). Protein levels 
were higher in olive-oil grown cells, but only marginally (Figure 4.3A). 
Finally, glycogen levels were also similar in both cells types, with an 
increasing pattern, starting from 190-280 pg/mg at 48 h and 72 h, reaching 240- 
440 pg/mg at 96 h. Trehalose was also measured but it was found to be zero in 
all samples. 
Overall, most differences were observed at 48 and 72 h (exponential 
phase), while at 96 h (stationary phase) the macromolecular composition 
became similar for both olive oil- and glycerol-grown cells. 
Figure 4.4 surnmarises these results as % of the duplicate averages, in a 
column chart (4.4A) and a list of percentages (4.413). The most abundant 
macromolecule is protein, followed by glycogen. The other macromolecules, 
especially the nucleic acids have very low percentages. 
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Figure 4.2. The lipid (A) and carbohydrate (B) composition of dried biomass 
collected from olive oil- (Ei) and glycerol-containing cultures (e) at 48,72 and 96 
h. All measurements were performed in duplicate. 
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Figure 4.4. (A) A summary chart of the percentages calculated for each macromolecule, 
based on the averages of the results described in Figures 4.1,4.2 and 4.3. No trehalose 
was detected in the samples that were tested. m DNA; w RNA-, v Lipid, Carbohydrate; 
Protein-, m Glycogen; Unidentified. 
Olive oil Glycerol 
Growth Growth 
Exponential Stationary Exponential- Stationary 
Early Late Early Late 
Carbohydrate 2.7% 4.8% 2.6% 5.7% 4.9% 3.0% 
Glycogen 19.4% 28.3% 30.1% 26.3% 18.8% 34.4% 
Protein 38.9% 41.1% 58.2% 33.8% 35.7% 53.6% 
Lipid 10.7% 7.0% 2.4% 1.6% 2.9% 1.9% 
DNA 0.7% 0.6% 1.1% 0.9% 1.3% 0.9% 
RNA 1.6% 4.6% 5.4% 5.8% 7.9% 3.2% 
Table 4.1. A list of the data presented in Figure 4.4. Early exponential (48h), late 
exponential (72h), stationary phase (96h). 
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4.3 Elemental analysis 
As it is shown in Figure 4.5, the four elements that were assayed (Carbon, 
Hydrogen, Nitrogen and Oxygen) did not vary between culture types or time- 
points. Carbon levels were between 37-48%, Hydrogen levels were between 6.2- 
7.7%, Nitrogen levels ranged from 7.6 to 9.1% and finally Oxygen levels were 
between 35-47%. These values are comparable to the results in other studies on 
S. clavuligerus (Mercier, 2007; Roubos, 2002). Carbon, Hydrogen and Nitrogen 
levels seem to marginally decrease in olive oil-grown cells, while they slightly 
Olive oil Glycerol 
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Figure 4.5. The elemental composition (%) of the dried biomass collected from Olive 
oil- and glycerol-containing cultures at 48,72 and 96 h (shown as average of two 
biological replicates). m Carbon (C), m Hydrogen (H), m Nitrogen (N), Oxygen (0). 
Oxygen was was assumed being the remaining % of the C, H, N composition. 
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increase in glycerol-grown cells during the time course of the culture, reaching a 
constant value after 72 h. 
Using the results presented in Figure 4.5, the biomass degree of reduction 
for each biomass sample was calculated, as described by (Stephanopoulos et 
al., 1998). The degree of reduction represents the number of electrons available 
per Carbon atom (i. e. per Carbon mole) and it is important because it can be 
used for the calculation of the electrons, and subsequently the energy, 
transferred from the substrate to the biomass (Stephanopoulos et al., 1998). 
Oxygen was assumed to be the remaining percentage, ignoring 
Phosphorus (P), Sulphur (S) or any other elements that are normally found in 
small amounts in cell biomass (Roubos, 2002). 
For each culture type/ timepoint, the percentages of C, H, 0 and N were 
first divided by the atomic weight of each element, respectively. Then the 
resulting values were divided by the value obtained for C. For instance, for olive 
oil-grown cell samples, collected at 48 h: 
Element Atomic Average Average (Average percentage. 
weight percentage percentage: atomic weight): 
atomic weight (average percentage: 
atomic weight for C) 
C 12 48.3% 4.00 1.00 
H 1 7.73% 7.73 1.92 
0 16 35.30% 2.21 0.55 
N 14 8.69% 0.62 0.15 
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Then, the formula: k=4+a-2b-3c was used (Stephanopoulos et aL, 1998), where 
a: Hydrogen to Carbon ratio, b: Oxygen to Carbon ratio, c: Nitrogen to Carbon 
ratio: k=4+1.92 - (2 x 0.55) - (3 x 0.15) = 4.37 
In the same way, the biomass degree of reduction of the other samples 
was calculated: 
Samples (averaged) Biomass degree of reduction 
Olive oil-grown cells, 72 h 
Olive oil-grown cells, 96 h 
Glycerol-grown cells, 48 h 
Glycerol-grown cells, 72 h 
Glycerol-grown cells, 96 h 
4.69 
4.48 
4.37 
4.49 
4.60 
From the list above, it is observed that in the olive oil-grown cells biomass degree 
of reduction first marginally increases, from 48 h to 72 h and then decreases 
slightly, from 72 h to 96 h, while in glycerol-grown cells it marginally increases 
from 48 h to 96 h. Using the formula applied above, the degrees of reduction of 
oleic acid and glycerol were found to be 5.67 and 4.67, respectively. This 
information can be later used for metabolic modelling purposes. 
4.3 Enzyme activity measurements 
The activities of four intracellular metabolic enzymes, selected due to their key 
positions on the Pathways from triacylglycerides to clavulanic acid (Figure 1.10), 
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were measured in olive-oil- and glycerol-grown cells, at 24,48,72 and 96 h. 
4.3.1 Acyl-coA dehydrogenase 
Acyl-coA dehydrogenase activity was not very different between olive oil- and 
glycerol-grown cells. At 24 h, it was 28 and 21 U/mg for the olive oil- and the 
glycerol-grown cells respectively, decreasing gradually to 7-21 U/mg (48 h), 6-9 
U/mg (72 h) and 3-8 U/mg (96 h), in both olive oil- and glycerol-grown cells 
(Figure 4.6). 
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Figure 4.6. Changes in acyl-coA dehydrogenase specific activity during 
culture, in cells grown with olive oil (Ei) and in cells grown with glycerol 
(0). All 
measurements were performed in biological duplicate. 
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4.3.2. Glutamate dehydrogenase 
Glutarnate dehydrogenase activity at 24 h was significantly higher in the olive-oil 
grown cells (5.2 U/mg) than in the ones grown with glycerol (2.8 U/mg). This 
difference was not so large at samples taken at further time points, with the 
activity levels becoming very similar between olive oil- and glycerol-grown cells. 
At 48 h glutarnate dehydrogenase activity decreased to 2.2-2.7 U/mg and it 
stabilised at 0.5 U/mg at 72 and 96 h (Figure 4.7). 
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Figure 4.7. Changes in glutamate dehydrogenase specific activity during 
culture, in cells grown with olive oil (o) and in cells grown with glycerol 
(0). All 
measurements are of a single biological sample. 
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4.3.3 Glycerol kinase 
Glycerol kinase activity in the olive oil-grown cells was below the detection limit at 
24 h and 48 h and then increased to 0.25 and 0.5 U/mg at 72 h and 96 h 
respectively (Figure 4.8). On the other hand, glycerol kinase activity was high at 
24 h in the glycerol-grown cells (1.2 U/mg) and it decreased to 0.75 U/mg at 48 h, 
reaching 0.3 U/mg at 72 h and 96 h. Overall, the pattern of enzyme activity over 
time was increasing in the olive oil-grown cells and decreasing in the glycerol- 
grown cells. 
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Figure 4.8. Changes in glycerol kinase specific activity during culture, in cells 
grown with olive oil (o) and in cells grown with glycerol (e). All measurements 
were performed in biological duplicate (circle and square symbols). 
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4.3.4 Pyruvate kinase 
Pyruvate kinase activity at 24 h was 2.7 and 2.2 U/mg in olive oil- and glycerol- 
grown cells respectively (Figure 4.9). It decreased abruptly to 0.3-0.4 U/mg at 48 
h in the glycerol-grown cells and remained at these low levels until the end of the 
culture. In the olive oil-grown cells, the decrease of pyruvate kinase activity was 
slower, being 2.4,0.8 and 0.4 U/mg at 48,72 and 96 h respectively. 
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Figure 4.9. Changes in pyruvate kinase specific activity during culture, in cells 
grown with olive oil (Ei) and in cells grown with glycerol (e). All measurements 
are of a single biological sample. 
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4.4 Discussion 
4.4.1 Analysis of the macromolecular components 
The results obtained after the macromolecular analysis of S. clavuligerus 
biomass are in agreement with other studies, on this and other bacteria (Roubos, 
2002; Shahab et aL, 1996). More specifically, the fact that DNA remained 
between 0.6-1.3% for both olive oil- and glycerol-grown cells at all tested 
timepoints (48,72 and 96 h) was also encountered by Riesenberg and Bergter 
(1979) who concluded that the %DNA remains constant regardless the specific 
growth rate. On the other hand, RNA content did vary significantly between the 
cell types and during culture (see chapter 7). Karpinets et al. (2006) reported that 
the RNA: Protein ratio decreases as bacteria enter stationary phase, suggesting 
that this could be due to the increased overall efficiency of protein synthesis in 
the cell resulting from activation of the general stress response and increased 
transcription of cellular maintenance genes at the expense of growth related 
genes. Decrease of the RNA: Protein ratio was also observed in the results 
presented here, for both cultures, although the decrease is much higher in the 
glycerol culture (Figure 4.4). 
The fact that total lipid content was much higher in the olive oil-grown cells 
at 48 h can be explained, as these cells have taken up a large amount of fatty 
acids from the oil-containing medium in order to grow. This lipid content gradually 
decreases as lipid is used up for growth and later for clavulanic acid production. 
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The glycerol-grown cells do not store any lipids, probably due to the poor 
medium, and the low lipid amount that they contain is eventually diminished at 96 
h, similarly with this of the olive-oil grown cells. 
Carbohydrate levels at 48 h were much higher in the glycerol-grown cells 
than in the olive oil-grown cells, probably because glycerol can be directly 
converted into glucose via gluconeogenesis while fatty acids with even number of 
carbon atoms cannot directly do so (Salway, 1999). Also, carbohydrate 
constantly decreased in the glycerol grown-cells over time, but in olive oil-grown 
cells it firstly increased during exponential phase and then decreased at 
stationary phase. This could be explained by supporting that the olive oil-grown 
cells convert a part of the glycerol that they obtain from the triacylglycerides into 
sugars, while they are using fatty acids to grow. When the cells reach stationary 
phase at 96 h, these sugars have been already utilised for growth, maintenance 
or clavulanic acid production (Figure 4.2B). 
The fact that cell protein content increased over time for both olive oil- and 
glycerol-grown cells is probably due to the increased overall efficiency of protein 
synthesis in the cell resulting from activation of the general stress response 
because of nutrient limitation (Karpinets et al., 2006). The protein content of the 
olive oil-grown cells is higher than that of the glycerol-grown cells, at all three 
tested timepoints, which is difficult to explain. 
Accumulation of glycogen is a phenomenon that is usually linked with 
differentiation on solid media, especially prior sporulation (Yeo and Chater, 
2005), however there are very few reports on glycogen changes in 
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actinomycetes in liquid culture, as most actinomycetes are unable to undergo 
morphological differentiation in liquid culture (Hoskisson et al., 2004). Therefore, 
the role of glycogen here must be mainly energy-storing, as no sporulation was 
evident under the microscope. Accumulation of glycogen was observed in both 
olive oil- and glycerol-grown cells (18-30%), at all timepoints. In the olive oil- 
grown cells glycogen levels increased over time, but in the glycerol-grown cells 
there was glycogen accumulation during early exponential phase (48 h), then 
glycogen levels decreased at 72 h and increased again at stationary phase (96 
h), a pattern similar to this reported by Hoskisson et al. (2001) for 
Micromonospora echinospora. 
The lack of trehalose in all of the tested samples was an unexpected 
finding, as previous studies on S. clavuligerus (Mercier, 2007) showed trehalose 
accumulation instead of glycogen accumulation. Mercier (2007) used the same 
P-limiting medium and S. clavuligerus strain as here. The only difference in the 
method used by Mercier (2007) is that 6% of glycerol was used instead of 0.6% 
glycerol or olive oil used here. Trehalose and glycogen are the two major forms 
of storage carbohydrates in actinomycetes (Hodgson, 2000). Overall, with lower 
levels of carbon source available in the medium, formation of glycogen was 
preferred to formation of trehalose, as carbohydrate storage. Rueda et al. (2001) 
observed glycogen accumulation in liquid Streptomyces brasiliensis cultures 
grown with galactose and glutarnate, without any sporulation taking place. Firstly, 
this proves that accumulation of glycogen is not necessarily linked only with 
sporulation or other differentiation stage. Secondly, the same study also 
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mentions that low trehalose levels were detected, similarly with the results 
obtained from this work. In addition, a study on Streptomyces venezuelae 
showed that nitrogen depletion led to glycogen accumulation with no trehalose 
being detected in the vegetative mycelia (Ranade and Vining, 1993). It could be 
that the low starting carbon source concentration (0.6%) led to a similar 
response. 
Glycogen levels exceeded total carbohydrate levels in the biomass 
something that indicates that the assay used for measuring carbohydrates does 
not detect glycogen. This is because the phenol-sulphuric acid method demands 
sugars with a free or potential reducing group, which glycogen lacks as its 
reducing group is bound to a protein called glycogenin (Dubois et al., 1951, 
Roach, 2002). With no trehalose being detected here, the remaining 
carbohydrate can be galactose, murein or arabinogalactan (cell wall) that are 
common sugars in actinomycetes (Table 4.2). 
Finally, the percentage of the biomass characterised as 'unidentified' 
(Figure 4.4A) is probably either inorganic salts that can reach up to 9% of the 
biomass (Roubos, 2002) or compounds that were not measured here, such as 
peptidoglycan or intracellular metabolites. Similar or even higher percentages of 
C unidentified' composition have been reported in other studies (Table 4.2). 
Table 4.2 summarises the results of macromolecular analyses performed 
by six different researchers or groups on three different actinomycetes and a 
variation range for each macromolecule is presented. Jacques (2004) 
determined the macromolecular composition of Saccharopolyspora erythreae at 
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exponential and stationary phase. Davidson (1992) and Shahab et aL (1996) 
measured cellular macromolecules of a S. coelicolor batch and continuous 
culture (at a dilution rate of 0.109), respectively. Lastly, Roubos (2002) and 
Mercier (2007) studied S. clavuligerus composition in batch and both batch and 
continuous cultures, respectively. Although in some cases this variation is high, 
since the compositions different species and conditions are compared, the values 
obtained are generally comparable. 
If the macromolecular composition measured here for S. clavuligerus is 
compared to that of other m icro-orga n isms, it is observed that the variation is not 
large. For instance, Shahab et aL (1996) found 2.2% DNA, 17.4% RNA and 53% 
protein in the biomass of Escherichia coli. Verma et al. (1999) found 3% DNA, 
17% protein and 14% lipid in Mycobacterium smegmatis. Schulze et al. (1996) 
found 15% RNA, 57% protein, 7% trehalose and 25% glycogen in 
Saccharomyces cereviciae. Lastly, Henriksen et al. (1996) found 1% DNA, 7.2% 
RNA, 44% protein, 5.2% lipid and 22% carbohydrate in Penicillium chrysogenum. 
Apart from the relatively high RNA levels in E. coli and Saccharomyces 
cereviciae and the low protein levels in Mycobacterium smegmatis, all the other 
percentages are comparable with the percentages observed in S. clavuligerus 
here. 
As far as the elemental composition is concerned, similar values were also 
obtained by Roubos (2002) for S. clavuligerus. The finding that the elemental 
content did not vary between the olive oil- and glycerol-grown cells indicates that 
it was not significantly affected by the fact that the cells were using these two 
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different carbon sources. The marginal difference in the changing pattern of the 
elements during time (decreasing for the olive oil-grown cells; increasing for the 
glycerol-grown cells), could be explained by the fact that in the olive oil- 
containing culture the cells contain more lipid than the cells in the glycerol- 
containing culture (at 48 h), which could affect their carbon and/ or hydrogen 
content. As the lipid content decreased, the carbon content declined as well, 
however not significantly. 
In conclusion, the results described in this section are in agreement with 
those of similar studies on actinomycetes. Mainly lipid, carbohydrate and RNA 
levels varied significantly between cells grown with olive oil or glycerol. On the 
other hand, DNA, protein, glycogen and elemental levels were very similar, 
indicating that the impact of the difference in carbon source on the cellular 
structure was not that crucial. 
4.4.2 Enzyme activity measurements 
Acyl-coA dehydrogenases (ACAD) belong to a family of enzymes that includes 
nine known members. Five members are involved in the first step of P-oxiclation 
(converting acyl-coA to trans-A2-enoyl-CoA), while the remaining four are 
involved in amino acid oxidation pathways (Kim and Miura, 2004). The fact that 
the levels of acyl-coA dehydrogenase activity were similar for both glycerol- and 
olive oil-grown cultures here indicate that the expression of 
the enzyme is 
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independent of the carbon source type. This explanation is also supported by 
Banchio and Gramajo (1997) who reported that the specific activity of the acyl- 
CoA dehydrogenase was very similar in extracts prepared from glucose- or from 
oleic acid-grown S. coelicolor cultures. It was also observed that acyl-coA 
dehydrogenase activity was highest for both olive oil- and glycerol-grown cells at 
24 h and then it gradually decreased at the following timepoints, without reaching 
zero. This shows that a peak in fatty acid oxidation is reached immediately after 
the bacteria have assimilated a large amount of triglycerides and gradually 
decreases as the bacteria use the obtained energy in order to grow during the 
exponential phase (between 48 and 72 h). Between 72 and 96 ha part of the 
fatty acids could be used for clavulanic acid synthesis. These results agree with 
the decreasing total cell lipid pattern for the olive oil-grown cells (Figure 4.2). 
Therefore it can be concluded that acyl-coA dehydrogenase activity in S. 
clavuligerus is independent of the substrate type (olive oil or glycerol) but the 
activity levels of the enzyme are changing proportionally with substrate 
availability. 
Glutamate dehydrogenase converts a-ketoglutarate to glutarnate (and vice 
versa) and it is thought to be very important in nitrogen metabolism to which 
clavulanic acid synthesis is linked via the urea cycle (Braha et al., 1986; 
Felsenstein, 1988). Glutarnate dehydrogenase activity was initially thought to be 
absent in S. clavuligerus (Ben ache n hou- Lahfa et al., 1993), but its presence was 
later shown by Mifiambres et aL (2000). Glutamate dehydrogenase activity was 
highest at 24 h, following a similar decreasing pattern over time with the pattern 
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observed for acyl-coA dehydrogenase. This confirms the results reported by 
Mifiambres et al. (2000) who also observed a similar decreasing paftern. The 
specific activity of the enzyme was higher in the olive oil-grown cells at 24 and 48 
h, suggesting that during early growth these cells use more substrate than the 
glycerol-grown cells, perhaps due to the fact that they use both glycerol and fatty 
acids. In addition, glutarnate dehydrogenase is involved in a pathway that links 
the TCA and urea cycles, therefore it can be claimed that this route is more 
active when both glycerol and fatty acids are utilised. This route is very important 
as it leads to arginine that is one of the precursors for clavulanic acid 
biosynthesis. Finally, the results of the present study confirm the suggestion that 
glutamate dehydrogenase is indeed present in S. clavuligerus (Mihambres et al., 
2000). 
Glycerol kinase converts glycerol to glycerol-3-phosphate at the first step 
of glycerol catabolism and normally is not involved in fatty acid oxidation. The 
fact that its activity was higher in the glycerol-grown cells at 24 h can be 
explained as these cells use glycerol rapidly, for growth during early exponential 
phase. This was also reported by Mifiambres et aL (1992) who studied S. 
clavuligerus growing with glycerol. Glycerol kinase activity is reduced at 72 and 
96 h, but does not reach zero, which indicates that glycerol could be used for 
survival or clavulanic acid production during the late stages of the culture. On the 
other hand, the glycerol kinase activity levels were below detection limit in the 
olive oil-grown culture at 24 and 48 h, as the bacteria slowly break down 
triacylglycerides to glycerol and fatty acids and grow slower than the glycerol- 
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grown cells (Maranesi et al., 2005). It is possible that fatty acids are preferred for 
early growth, therefore glycerol is not actively metabolised until later. A similar 
pattern was observed by Grauslund et al. (1999) in the yeast Saccharomyces 
cerevisiae growing with glycerol or oleic acid. Glycerol kinase activity there was 
50-60% lower in the oleic acid-grown cells, compared with the glycerol-grown 
ones. Here, glycerol kinase activity was 2-fold higher in glycerol grown cells (24 
h) than in olive oil cells (96 h). 
Pyruvate kinase is an enzyme of the glycolysis pathway, which converts 
phosphoenolpyruvate to pyruvate. Pyruvate kinase activity decreased in both 
olive oil- and glycerol-grown cells over time, although this decrease was slower in 
the olive oil-grown cells and the activity levels were marginally higher, especially 
at the first two timepoints (24,48 h). The slower reduction of pyruvate kinase 
could be because of the slower growth of the olive oil-grown cells compared to 
the glycerol-grown ones and the higher levels because fatty acids might have 
been used in addition to the oil-derived glycerol. For the glycerol-grown cells 
these results indicate that during the early phase of the growth the cells take up 
glycerol from the medium and use a part of it for energy production in order to 
grow via the glycolysis pathway. This is supported by the high glycerol kinase 
activity mentioned above, for this period. According to the pyruvate kinase results 
for these cells, this stops at 48 h, suggesting that energy demands are lower at 
this stage. However, the significant levels of glycerol kinase at 72 and 96 h 
indicate that glycerol is still metabolised, not for energy production (low pyruvate 
kinase activity), but presumably for production of clavulanic acid via synthesis of 
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glyceraldehyde-3-phosphate that is one of the precursors for the biosynthesis of 
this antibiotic. In the olive oil-grown cells, pyruvate kinase activity was high at 24 
and 48 h, although glycerol kinase activity was minimal. This supports the 
suggestion that fatty acids are used for energy production during early growth. 
This is also in agreement with the acyl-coA dehydrogenase activity levels, during 
this period. This could be explained by the fact that the glycerol derived from 
hydrolysis of triacylglycerides was less than that available in the glycerol-only 
medium, therefore the cell would require other substrates for energy production, 
such as fatty acids. Carbon units from fatty acids can enter glycolysis via the 
glyoxylate shunt (Erb et al., 2007). Again, high glycerol kinase and low pyruvate 
kinase activities could mean that oil-derived glycerol is used for clavulanic acid 
synthesis. 
Finally, linking the enzyme to the macromolecular data, a part of the 
carbon source in both olive oil- and glycerol-grown cells might have been also 
used for storage of energy, as glycogen reserve. 
In conclusion, the enzyme activity measurements performed here 
provided important information about the mode of utilisation of glycerol (glycerol 
kinase) and fatty acids (acyl-coA dehydrogenase), as well as the activity of the 
glycolysis (pyruvate kinase) and of the pathway linking TCA and urea cycles 
(glutamate dehydrogenase), in S. clavuligerus cells grown with olive oil or 
glycerol. 
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4.5 Chapter summary 
To sum up, the work presented in this chapter was part of the standard approach 
for studying cell physiology and metabolism, based on a series of simple 
biochemical assays. Significant differences were observed between the levels of 
some macromolecules in olive oil- and glycerol-grown cells, especially these of 
total lipid and total carbohydrate, while others, such as DNA did not vary almost 
at all. Similarly, pyruvate kinase and glycerol kinase activities did vary 
significantly between the olive oil- and glycerol-grown cells, while the enzyme 
activities of acyl-coA dehydrogenase and glutarnate dehydrogenase were quite 
similar, between the two cell types. 
The combination of the information from all the biochemical assays 
described here and in Chapter 3 with the following, more sophisticated analyses 
will produce a clearer picture of the metabolic pathways followed, from 
triacylglycerides to clavulanic acid. 
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Chapter 5: 
Analysis of S. clavuligerus 
intracellular metabolites by LC-MS 
5.1 Chapter overview and obiectives 
Metabolornics is a rapidly evolving field that involves use of analytical 
biochemistry to characterise the profile of the total metabolites in a cell 
(metabolome), both qualitatively and quantitatively. This is done by application of 
advanced technologies of high resolution and sensitivity, such as gas and liquid 
chromatography-mass spectrometry (GC-MS and LC-MS, respectively) or 
nuclear magnetic resonance (NMR). The large amount of data generated is then 
analysed by the appropriate software and electronic databases and the obtained 
information can be combined with genomic, transcriptomic or proteomic data, to 
gain a full understanding of the cellular physiology (Kell, 2006; Phelps et al., 
2002). 
With the field of metabolornics being in its infancy, there are very few 
methods described in the literature for a comprehensive and effective extraction 
of intracellular metabolites from cells (Bolten et al., 2007; Mashego et al., 2007; 
Villas-Boas and Bruheim, 2007). The dynamically changing and in some cases 
heat-sensitive metabolites require fast handling of the samples and their 
maintenance at very low temperature, making the extraction process quite 
elaborate. 
Here, two new methods for extraction of intracellular metabolites, based 
on sonication and lysozyme/ freeze thawing treatment of the cells respectively 
(described in sections 2.6.1 and 2.6.2), were used for comparing the intracellular 
metabolite profiles of cells grown in olive oil- or glycerol-containing media. 
The 
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cell samples were collected at 96 h of culture when clavulanic acid levels are 
highest (Figure 3.9). The extracted metabolites were then analysed by LC-MS in 
order to determine whether there are significant differences between the two 
metabolite pools (from olive oil- and glycerol-grown cells) and subsequently to 
identify and quantify specific metabolites that are included in the hypothetical 
model of clavulanic acid biosynthesis (section 1.5). This will eventually facilitate 
the elucidation of the metabolic pathways involved in clavulanic acid 
biosynthesis, using oils as carbon source. 
5.2 Application of a sonication-based method for extraction of intracellular 
metabolites 
5.2.1 Optimisation of the biomass input for metabolite extraction 
In order to determine the optimal amount of biomass that should be used for 
extraction of the intracellular metabolites to be analysed by LC-MS, biomass 
curves were plotted. This procedure involved the measurement of the peak 
integration value of specific metabolites in samples with different amounts of 
biomass (Figure 5.1) for determining the linearity and the sensitivity of the LC-MS 
assay. 
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All the plots show a linear response between 0.1 and 0.5 mg of biomass, 
with lack of sensitivity below 0.1 mg of biomass (Figure 5.1 D) and a plateauing 
effect above 0.5 mg of biomass (Figure 5.1A). 
The R2 value (coefficient of determination of a linear regression) was 
calculated for each plot, to determine the degree of linearity in this range (0.1-0.5 
mg of biomass). The curve for the metabolite with mass to ion charge (m/z) ratio 
261.13 and retention time 5.24 min was linear between 0.1 and 0.5 mg of 
biomass with an R2 value of 0.95 (Figure 5.1A). The curve for the metabolite with 
m/z ratio 259.13 and retention time 5.22 min was linear between 0.1 and 0.5 mg 
of biomass with an R2 value of 0.91 (Figure 5.1 B). For this plot, a sigmoidal curve 
fitted the five datapoints, (0.1-0.5 mg of biomass) with an R 
2=0.99 (not shown). 
The curve for the metabolite with m/z ratio 278 and retention time 5.5 min was 
linear between 0.1 and 0.5 mg of biomass with an R2 value of 0.93 (Figure 5.1 C). 
Finally, the curve for the metabolite with m/z ratio 601.16 and retention time 4.42 
min was linear between 0.1 and 0.5 mg of biomass with an R2 value of 0.91 
(Figure 5.1 D). 
Therefore, 0.4 mg of biomass was eventually used in further experiments, 
as this quantity was within the linear range in all four tested metabolites and 
seemed an adequate amount of biomass for metabolite extraction. 
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5.2-2. Analysis of the LC-MS results 
The total ion chromatograms (TIC) that were obtained from the LC-MS analysis 
of the extracted metabolites are shown in Figures 5.2 (ESI' spectra) and 5.3 
(ESI- spectra). These chormatograms monitor several hundred mass-to-charge 
units (m/z), with the entire range of masses being detected, and are very useful 
for identifying new peaks in the metabolome (Gross, 2004). However, these 
chromatograms provide only an overview of the detected metabolite peaks and 
cannot be used for an effective comparison of the two metabolite profiles, as the 
obtained m/z peaks are often unresolved. 
Therefore, a statistical method is necessary to differentiate the metabolite 
pools from olive oil- and glycerol-grown cells are, taking in account all the 
differences observed in the chromatograms. By using the SIMCA P+l 1 software 
(Umetrics, Sweden), principal component analysis (PCA) was performed, 
followed by partial least squares-discriminant analysis (PLS-DA), which is 
expected to maximise the separation between the two metabolite groups (Yuan 
et aL, 2007). Figures 5.4 and 5.5, show the results of the analyses for ESI' and 
ESI- spectra, respectively. 
The first step of the analysis strategy was to confirm that the metabolite- 
containing samples were different to the blank sample (containing PBS and 
antifoarn agent). In Figures 5AA and 5.5A it is shown that metabolite extracts 
from both olive oil- and glycerol-grown cells are separately grouped from the 
blank sample by PCA analysis. In Figure 5.5A, it is observed that one of the 
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metabolite samples from the glycerol-grown cells is much closer to the blank than 
the other three metabolite samples. It could be that in this sample some of the 
metabolites were lost during the extraction process. 
The second step was to analyse results from the two metabolite pools by 
PCA, after removing the information related to the blank sample. It was observed 
that one of the two biological replicates from each culture type was separated, 
however the other pair (one metabolite group from olive oil- and one from 
glycerol-grown cells) nearly overlapped (Figures 5.413 and 5.513), indicating that 
the metabolite profiles in these two samples are similar. 
Finally, PLS-DA separated the two metabolite pools completely. PLS-DA 
was used so that it is easier to identify the variables (metabolites, in this case) 
that are responsible for the separation of the two metabolite pools (Yuan et al., 
2007). 
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5.3. Application of a lysozyme/ freeze thawing-based extraction method 
The same analysis strategy as in section 5.2 was used to analyse the 
metabolites extracted by a lysozyme/freeze-thaw method (chromatograms shown 
in Figures 5.6 and 5-7). Both PCA and PLS-DA models showed clear separation 
of the metabolite samples from olive oil- and glycerol-grown cells (Figures 5.8 
and 5.9). Since the separation of the metabolite samples from olive oil- and 
glycerol-grown cells was clearer for the lysozyme-extracted metabolites than for 
the sonication-extracted metabolites, the data obtained from LC-MS analysis of 
the former metabolites were considered more reliable for identifying key 
metabolites. 
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glycerol- (o) grown cells by the lysozyme/ freeze thawing-based method. (A) PCA model. 
(B) PLS-DA model. The ellipse represents the 95% confidence interval of the modeled 
variation. 
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Figure 5.9. Statistical analysis of the metabolites (ESI-) extracted from olive oil- (o) and 
glycerol- (o) grown cells by the lysozyme/ freeze thawing method. (A) PCA model. (B) PLS- 
DA model. The ellipse represents the 95% confidence interval of the modeled variation. 
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5.4. Tentative identification and quantification of specific metabolites 
Using the Human Metabolorne Database (Wishart et al., 2007), the data 
described above were used in an attempt to identify and quantify specific 
metabolites extracted from olive oil- and glycerol-grown cells (96 h). As observed 
in Figure 5.10, seven metabolites were identified: L-ornithine, L-arginine, D- 
glyceraldehyde-3-phosphate, S-sulfocysteine; L-tyrosine, gamma-aminobutyric 
acid (GABA) and L-glutamate. This was done by matching their m/z ratios with 
the m/z ratios found in the Human Metabolome Database for the each these 
metabolites. All the metabolites mentioned above were found in the ESI- spectra. 
L-ornithine, L-arginine, D-g lyceraldehyde-3-phosph ate, L-glutamate L- 
tyrosine and GABA were found at similar levels in both olive oil-grown and 
glycerol-grown cells, while S-sulfocysteine was detected only in olive oil-grown 
cells (Figure 5.10). 
The integration values (related to the size of the detected peak and 
normalised by the integration values of PIPES (internal standard)) for L-ornithine 
were 0 and 5.59 (biological duplicate) in olive oil-grown cells (00) and 2.76 and 
3.58 in glycerol-grown (GL) cells; for L-glutarnate, they were 0 and 0.52 (00) and 
0.37 and 0.47 (GL); for L-arginine, 0 and 1.07 (00) and 0.79 and 1.26 (GL); for 
D-g lyceraidehyde-3-phosp hate, 0 and 0.12 in both conditions; for L-tyrosine, 0 
and 0.23 (00) and 0.54 and 0.49 (GL); for S-sulfocysteine, 2.25 and 3.04 (00), 
for GABA, 0.26 and 0.85 (00) and 0.84 and 0.77 (GL); and for PIPES (not 
normalised), 3.93 and 8.48 (00) and 6.12 and 6.29 (GL) (Figure 5.10). 
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Figure 5.10. Comparison of the integ ration values of the metabolite peaks that 
were relatively identified and quantifie d, in the metabolite extracts from (o) olive 
oil- and (o) glycerol-grown cells (96 h). D-G-3P: D-g lyceralde hyd e-3-ph osp hate. 
Equal amounts of 1,4-piperazinediethanesulfonic acid (PIPES) were 
added to each metabolite extract sample, as an internal standard, in order to 
normalise the integration values of the tentatively identified metabolites. It has to 
be noted that variation between the PIPES levels measured in the two biological 
replicates of glycerol grown cells were very small, however the variation between 
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the PIPES levels measured in the two biological replicates of olive oil grown cells 
was higher. These seven detected metabolites were the only ones for which 
matches were found in the database and could be confidently called 'tentatively 
identified'. It is possible that some sensitive metabolites were lost during 
extraction. 
5.4 Discussion 
The extraction methods applied here were both successful, resulting in the 
detection of a large number of mass peaks by LC-MS. 
The lysozyme/freeze thaw method was considered to be better than the 
sonication-based method, as the sonication step itself can have a negative effect 
on the intracellular metabolites detected, either because of 'over-sonication' that 
could harm the heat-sensitive metabolites or due to 'under-sonication' that could 
lead to incomplete lysis of the cells and subsequently to fewer extracted 
metabolites. Also, it is possible that when a large number of samples is 
sonicated, some samples could be less sonicated than others, making 
comparisons of metabolite profiles less reliable (differential sonication). 
It is worth mentioning that no quenching step was included in the method. 
Quenching or otherwise instantaneous inactivation of the cellular metabolism is 
often used to prevent continued metabolic activity in the sampled bacteria. 
Normally methanol at sub-zero temperatures is used for this purpose, to ensure 
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the instantaneous inactivation of the metabolic activity of the samples. The 
reason for not using quenching here was mainly the lack of the appropriate 
equipment, as the cells need to be automatically treated with the quenching 
solution during sampling (Villas-Boas and Bruheim, 2007). 
Both olive-oil and glycerol containing samples were treated similarly 
(instant incubation on ice) in order to limit metabolic variance after sampling, 
therefore the comparison of their metabolornes is reliable. 
Overall, the fact that the metabolite pools of the olive oil-grown and the 
glycerol-grown cells were clearly separated by PCA, for both ESl+ and ESI- data 
(Figures 5.8 and 5.9), indicates that there is a significant difference between 
these pools which is potentially related to differences in the metabolic pathways 
involved during the utilisation of these two substrates. 
With the lysozyme/ freeze thaw method, seven metabolites were 
tentatively identified and quantified by LC-MS. 
L-arginine and D-glyceraldehyde-3-phosphate, both of them precursors for 
clavulanic acid biosynthesis, were found to be at similar levels in both olive oil- 
and glycerol-grown cells. D-g lycera Id ehyde-3-phosp hate levels were nearly zero. 
L-ornithine, a metabolite of the urea cycle and precursor of L-arginine, was 
also found to be invariant between olive oil-grown and glycerol-grown cells, 
suggesting that the activity of the urea cycle is similar under both conditions. 
However, it has to be noted that the error between the two datapoints for 
ornithine in Olive oil-grown cells was quite large (Figure 5.10), although the 
averages of the biological replicates from the two culture types were similar. 
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L-glutamate was also found at similar levels in olive oil- and glycerol- 
grown cells. L-glutamate is a compound that links TCA and urea cycles (Salway, 
1999). 
Lastly, L-tyrosine levels were similar in olive oil-grown and glycerol-grown 
cells, being very low in both cases (Figure 5.10). L-tyrosine is an amino acid that 
can be used as an alternative carbon source. Streptomyces setonii 75Vi2 fully 
catabolised tyrosine via conversion to homogentisate (Pometto and Crawford, 
1985), and is eventually converted to phosphoenolpyruvate via the anapleurotic 
pathway and enters glycolysis. Via glycolysis, it could either go to the TCA cycle 
for energy production or to D-g lyce ra Idehyde-3-phosp hate for clavulanic acid 
biosynthesis. 
Four of the five compounds described above (excluding tyrosine) are 
found in the hypothetical model described in section 1.5., therefore the 
comparison of their levels between olive oil- and glycerol-grown cells provided 
useful information about the activity of the pathways leading from the substrate to 
clavulanic acid. 
The following two compounds that were tentatively identified are not 
included in the hypothetical model, however their physiological role could be 
important. S-sulfocysteine was detected only in the olive oil-grown cells. S- 
sulfocysteine is an intermediate of sulfur assimilation by bacteria. It was found to 
be synthesised from thiosulfate and 0-acetylserine in Salmonella typhimurium 
and it can be converted to cysteine (Nakamura et al., 1984) and could potentially 
be used either for energy or clavulanic acid production. Sulfur is available in the 
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P-limiting medium as FeS04 and MgS04 (section 2.1). However, it has to be 
noted that substrates like tyrosine and S-sulfocysteine are in very low levels in 
the cells. 
GABA levels were found to be similar in olive oil- and glycerol-grown cells. 
GABA is a significant component of the free amino acid pool in most prokaryote 
and eukaryote organisms, and is synthesised from glutamate (Bown and Shelp, 
1997). The role of GABA in stress regulation offers viable explanation for its 
presence in cells grown in a nutrient-limiting medium. When the cell is under 
environmental stress, such as low pH, low oxygenation or nutrient limitation, the 
GABA shunt is used as a TCA cycle bypass (Bown and Shelp, 1997). This way, 
the cell avoids the NADH'-producing reactions of the TCA cycle (2-ketog I uta rate 
to succinyl-coA) that would lead to a reduction of cytoplasmic pH. pH and oxygen 
levels were kept constant by the bioreactor's control system, therefore only 
nutrient limitation could explain the detection of GABA. Also, nutrient limitation at 
the late stage of the culture could explain an increase in the free amino acid pool, 
in the form of GABA, to be used for survival or clavulanic acid production. 
5.5 Chapter summary 
To summarise, two methods for extraction of intracellular metabolites were 
developed and compared here, whereas the analysis of the extracted 
metabolites demonstrated that the metabolite pools of olive oil- and glycerol- 
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grown cells present noticeable differences. Further optimisation could make 
these extraction methods extremely useful tools for performing microbial 
metabolomics. 
In addition, seven specific metabolites were tentatively identified in the 
metabolite pools of the olive oil- and glycerol-grown cells and their relative levels 
were compared. The levels of the four metabolites participating in the 
hypothetical metabolic model for clavulanic acid biosynthesis did not seem to 
vary significantly between the olive oil-grown and the glycerol-grown cells. 
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Chapter 6: 
Gene expression analysis of olive oil= 
grown S. clavuligerus using 
DNA microarrays 
6.1 Chapter overview and obaectives 
In this chapter, DNA microarrays were used to compare the gene expression 
profiles of olive oil-grown and glycerol-grown S. clavuligerus cells, in an attempt to 
determine the gene expression levels of the metabolic enzymes that are found in 
the hypothetical model (section 1.5) and to identify other genes that are 
potentially important for the utilisation of olive oil by S-clavuligerus cells. RNA 
was extracted from cells harvested from batch cultures at different time points 
and converted to Cy-labelled cDNA (section 2.9). A cDNA vs. cDNA microarray 
design was used for an exploratory approach (n=l, where n is the number of 
biological replicates), followed by a cDNA vs. gDNA microarray design (n=3). 
6.2 RNA isolation and cDNA labelling 
DNA microarray experiments require RNA of good purity and quality as starting 
material (Madabusi et al., 2006). Therefore, to determine the quantity and purity 
of the extracted RNA samples from S. clavuligerus cells, a Nanodrop@ ND-1000 
UV-Vis spectrophotometer was used, while a Agilent 2100 Bioanalyzer chip was 
employed to determine RNA quality (degree of degradation). Table 
6.1 
surnmarises the results of the Nanodrop@ analysis, including the concentration of 
each RNA sample and information about its purity, expressed as 
A260/280 ratio. A 
low A260/280 (<1.8) indicates possible protein or phenol contamination of the RNA 
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sample. Ideally the A260/280should be 1.8-2.0 (Reed et al., 1998). Overall, all RNA 
samples had adequate material for the preparation of at least one microarray 
slide (15 pg) and an A260/280very close to the optimal value, which indicated that 
the RNA extracts were suitable for a microarray experiment. 
RNA sample Concentration (nq/IjL) A260/280 
OOE 1918 2.07 
GLE 2091 2.05 
001 408 1.99 
002 642 2.02 
003 625 2.02 
GL1 268 2.03 
GL2 461 1.96 
GL3 569 1.94 
0060 100 2.02 
GL60 129 2.21 
0072 340 1.98 
GL72 220 1.98 
Table 6.1. Concentration and purity (A260/280) profiles of the extracted RNA samples, after 
analysis with Nanodrop@ . 
00: RNA samples from olive oil-grown cells, GL. RNA 
samples from glycerol-grown cells. Samples OOE and GLE were used for the exploratory 
cDNA-cDNA microarrays. Samples 001-3 and GL1-3 are biological triplicates collected 
at 96 h of culture and samples 0060, GL60,0072 and GL72 were collected at 60 and 
72 h of culture (all used for the cDNA-gDNA microarrays). 
Figure 6.1 shows the results of the analysis of RNA quality. The denaturation of 
total RNA samples before being loaded on the chip (section 2.9.1) produces two 
sharp bands of ribosomal RNA (rRNA), 23S and 16S. Intact RNA should have a 
23S band twice as intense as the 16S band (Schroeder et al., 2006). As 
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observed in Figure 6.1, both of these bands are present, with approximately the 
desirable band intensity ratio. It has to be noted that in gel (B) the two rRNA 
bands had smaller size than in gels (A) and (C), an observation that is difficult to 
explain. However, in all cases, RNA quality was very good, as indicated by the 
lack of extensive smears, a sign of degradation on the gels. This allowed the use 
of these samples for performing microarray analysis. cDNA synthesis and 
labelling were also successful, with sufficient yields and A260/280 Of 1.5-1.7 (Table 
6.2) 
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Figure 6.1. Bioanalyzer gel images for determination of RNA quality. (A) RNA 
samples used in the exploratory experiment, from olive oil- (1,2) and glycerol-grown 
(3,4) cells. (B) RNA samples from olive oil-grown (lanes 1,2,3) and glycerol grown 
(lanes 4,5,6) cells collected at 96 h of culture. (C) RNA samples from olive oil-grown 
(lanes 1,3) and glycerol-grown (lanes 2,4) cells collected at 60 h (1,2) and 72 h (3, 
4) of culture. 23S RNA fragment (4), 16S RNA fragment (. 4), gel dye (. 4). L: RNA 
6000 ladder (Ambion Inc., USA). 
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Labelled cDNA sample Concentration (ng/pL) A260/28o ratio 
OOE 181.6 1.70 
GLE 140.2 1.70 
OOE 146.3 1.70 
GLE 179.2 1.66 
001 79.5 1.55 
002 95.6 1.57 
003 97.4 1.61 
GL1 
GL2 
GL3 
64.4 
68.1 
95.9 
1.59 
1.56 
1.59 
0060 53.0 1.61 
GL60 73.0 1.56 
0072 77.7 1.47 
GL72 61.2 1.59 
Labelled gDNA 377.8 1.80 
Table 6.2. Concentration and purity (A260/280) profiles of the labelled cDNA samples, after 
analysis with Nanodrop@. 00: cDNA samples from olive oil-grown cells, GL: cDNA 
samples from glycerol-grown cells. Samples OOE and GLE were used for the exploratory 
cDNA-cDNA microarrays. Samples 001-3 and GL1-3 are biological triplicates collected 
at 96 h of culture and samples 0060, GL60,0072 and GL72 were collected at 60 and 
72 h of culture (all used for the cDNA-gDNA microarrays). Labelled gDNA was used as 
reference sample. 
6.3 Exploratory experiment (cDNA vs. cDNA microarrays) 
As DNA microarray analysis remains a costly technology, a preliminary 
experiment was performed in order to gain a first impression of the gene 
expression variation between olive oil- and glycerol-grown S. clavuligerus cells. 
In this experiment total RNA was extracted from both olive oil- and glycerol- 
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grown (n=l) cultures at 96 h. This time point was selected, as clavulanic acid 
production peaks at 96 h and growth phase is the same (stationary). 
Figure 6.2 shows an overview of the genes on the array according to their 
signal averages in olive oil- and glycerol-grown cells, after scanning and 
normalisation. Of the 3,439 filtered genes, 58 were over-expressed (above 2- 
fold) in olive oil-grown cells and 15 were over-expressed (above 2-fold) in 
glycerol-grown cells. It has to be noted that as microarray analysis is semi- 
quantitative, fold change levels are compressed compared to the fold change 
levels observed in other analyses (e. g enzyme activity). 
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Figure 6.2. Scatter plot of the genes in the cDNA vs. cDNA microarrays used here, 
according to their average normalised intensities in the olive oil- and glycerol-grown cells. 
On the y-axis is the average intensity (log) of each array spot (gene) 
in the olive oil-grown 
cells and on the x-axis is the average intensity (log) of each array spot 
(gene) in the 
glycerol-grown cells, therefore the genes above the best 
fit line are the ones whose 
expression is up-regulated in olive oil-containing cultures 
(green), while the genes below 
the best fit line (-) are the ones whose expression is up-regulated in glycerol-containing 
cultures (red). 
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Comparison of gene expression profiles of cells cultured with olive oil or glycerol 
as carbon source identified genes that were over- or under- expressed in olive 
oil-grown cells and glycerol-grown cells (Table 6.3). The gene expression 
comparison has been expressed as the logarithm of the normalised ratio of spot 
intensities in olive oil-grown to that of the glycerol-grown cells (1092 oo/gl). The 
threshold for gene over-expression in olive oil-containing cultures is a 1092 00/91 
of 1.0 (Wit and McClure, 2004), i. e. a two-fold over-expression level. 
The gene that was most over-expressed with olive oil was SCO0465 (a 
non heme-chloroperoxiclase) with a 1092oo/gl ratio of 4.31, followed by SC02959 
(nitrate extrusion protein) with a 1092oo/gl ratio of 1.79, SC05547 (glutamyl tRNA 
synthetase with a 1092 oo/gl ratio of 1.54, SCO1209 acyl-CoA dehydrogenase 
with a 1092 oo/gl ratio of 1.43, and SC05444 (glycogen phosphorylase) with a 
1092 oo/gl ratio of 1.40. On the other hand, the gene that was most over- 
expressed in the glycerol-grown culture was cas2 (claviminic acid synthase) with 
a 1092 oo/gl ratio of -1.82, followed by car (clavulanate-9-aidehyde reductase) 
with a 1092 oo/gl ratio of -1.39, SC02103 (5,10-methylenetetrahydrofolate 
reductase) with a 1092 oo/gI ratio of -1.34 and ceas2 (carboxyethylarginine 
synthase) with a 1092oo/gl ratio of -1.33 (Table 6.3). 
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(A) Genes with higher expression in olive oil-grown than glycerol-grown cells 
Gene name Gene function ! qgao ! ýgl fold change 
SCO0465 non-heme-chloroperoxidase 4.31 20.0 SC02959 nitrate extrusion protein 1.79 3.5 
SC05547 glutamyl tRNA synthetase 1.54 2.9 
SCO 1209 acyl-CoA dehydrogenase 1.43 2.7 
SC05444 glycogen phosphorylase 1.40 2.6 
SC02863 helicase 1.26 2.4 
SCO1785 iron-siderophore uptake system 1.23 2.4 
SC02389 acyl-carrier protein 1.19 2.3 
SCO1679 gluconokinase 1.16 2.2 
SCO0033 secreted neuraminidase 1.13 2.2 
SC02175 nicotinate-nucleotide transferase 1.07 2.1 
SCO1378 glycine dehydrogenase 1.06 2.1 
SC02338 0-methyltransferase 0.99 2.0 
SC02615 valyl tRNA synthetase 0.99 2.0 
(B) Genes with lower expression in olive oil-grown than glycerol-grown cells 
Gene name Gene function 1092oo/ql fold chanqe 
cas2* claviminic acid synthase -1.82 3.5 
car* clavulanate-9-aldehyde reductase -1.39 2.6 SC02103 5,10- m ethylenetetrahyd rofol ate reductase -1.34 2.5 
ceas2* carboxyethylarginine synthase -1.33 2.5 
SCO1889 dihydropicolinate synthase -1.04 2.1 
SC06834 thioredoxin reductase -1.04 2.1 
Table 6.3. (A) Genes whose expression was up-regulated in the olive oil-containing 
culture and (B) genes whose expression is up-regulated in the glycerol-containing 
culture, based on the cDNA vs. cDNA microarray experiment. Gene names marked 
with * belong to S. clavuligerus genes and gene names starting with 'SCO' belong to S. 
coelicolor genes. 109200/91 is the logarithm of the normalised ratio of spot intensities in 
olive oil grown-cells to that of the glycerol-grown cells (n=l). The genes excluded from 
this list either have similar expression levels or their ID is unknown, vague or 
hypothetical. 
In conclusion, this exploratory experiment allowed a first glance at the genes 
whose expression was up- or down- regulated in the olive oil-grown cells, 
compared to their expression level in the glycerol-grown cells. 
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6.4 cDNA vs. gDNA microarray experiment 
Based on the promising outcome of the exploratory experiment described above, 
a more intricate experiment was performed with three biological triplicates for 
each culture type. RNA from samples collected at 96 h of culture was used (n=3), 
together with RNA from samples collected at 60 h (n=l) and 72 h (n=1), the latter 
in order to monitor gene expression changes over time. The use of samples from 
60 and 72 h of culture was necessary, as expression of genes important in 
clavulanic acid synthesis could peak earlier than 96 h, when clavulanic acid 
levels reach maximum. 
Figure 6.3 shows a scatter plot of the filtered genes according to their 
normalised spot intensity levels in the two culture conditions (olive oil and 
glycerol as carbon source). In this experiment, of the 6,120 filtered genes only 98 
were over-expressed in olive oil-grown cells and 107 were over-expressed in 
glycerol-grown cells. 
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Figure 6.3. Scatter plot of the genes in the cDNA vs. gDNA microarrays used here, 
according to their average intensities in the glycerol- and olive oil-grown cells, at 96 h. 
On the y-axis is the average normalised intensity (n=3) of each gene in the olive oil- 
grown cells (00) and on the x-axis is the average normalised intensity (n=3) of each 
gene in the glycerol-grown cells (GL). The middle line crossing the scatter plot is the 
best fit line. The other two parallel lines are the 2-fold borders. Above the best fit line 
are the genes whose expression is up-regulated in olive oil-containing cultures (green) 
and below the best fit line are the genes whose expression is up-regulated in glycerol- 
containing cultures (red). 
However, some of these 205 differentially expressed genes were encoding 
hypothetical proteins (proteins predicted by bioinformatics tools but not detected 
in the cellular proteome) or had unknown or vaguely defined ID (e. g. 
oxidoreductase, protease, etc), based on the www. streptomyces. org. database. 
A small number of the genes coding for hypothetical proteins was found to be 
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highly over-expressed in glycerol-grown cells. In order to investigate if the amino 
acid sequences of the proteins they encode were similar with sequences of 
known gene products, they were imported into BLAST (Basic Local Alignment 
Search Tool) for finding possible matching sequences (see Appendix 11). All 
microarray data from this experiment together with decription of all the genes 
tested here can be found in the CID at the back of the thesis (Appendices IV and 
V). 
The average expression level of all genes was similar at 60,72 and 96 h 
of culture in both culture conditions, with average gene expression in olive oil- 
grown cells being marginally higher at 96 h (data not shown). It was also 
investigated if any of the genes coding for enzymes involved in the reactions of 
the model (Figure 1.10) had higher expression levels at 60 or 72 h than at 96 h, 
in the same culture type, and it was found that all these genes had similar 
expression levels at all time points. In addition, ceasl, involved in clavulanic acid 
biosynthesis, had similar expression levels in the two different culture conditions 
at 60 and 72 h, but it showed higher expression levels in glycerol-grown cells 
than in olive oil-grown cells at 96 h (data not shown). This indicates that the 
genes involved in clavulanic acid biosynthesis are activated at 96 h when 
clavulanic acid production is maximal (Figure 3.9), which justifies the decision to 
select 96 h as the time point of study (n=3). 
Tables 6.4 and 6.5 show the genes over-expressed with olive oil and 
glycerol respectively, at 96 h, excluding genes encoding unknown, hypothetical 
and vaguely defined proteins. Based on the averaged 1092 oo/gl ratio (n=3), 65 
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genes are listed in these tables as differentially expressed. However, only for 10 
of these genes the difference is significant (Table 6.5), according to the pfp 
(percentage of false positives) value, that has to be <0.15 (15% chance of false 
prediction) for a difference to be significant (Breitling et al., 2004; Hesketh et al., 
2007). These genes encode: Ceasl and Cal2 (enzymes of clavulanic acid 
biosynthetic pathway), a possible magnesium chelatase, Thil- (thiamine 
monophosphate kinase), two transcriptional regulators, a possible membrane 
protein, PurH (a bifunctional purine biosynthesis protein), CseC (a sensory 
histicline kinase) and NirB (a probable nitrite reductase) and are all over- 
expressed in glycerol-grown cells (Table 6.5). 
Comparing the results from the exploratory and final experiments, it was 
observed that very few genes were present in both Table 6.3 and Tables 6.4 and 
6.5, something that is difficult to explain. These genes are discussed in the 
section below. 
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Gene name Predicted _qene 
function 
Model-included enzvmes 
SCO0580 possible glycerone kinase 
SC02789 gImS2, gI ucosam i ne-f ructose-6-phosp hate aminotransferase 
SCO0509 g1pK2, glycerol kinase (ATP: glycerol 3-phosphotransferase) 
SCO1750 probable acyl-CoA dehydrogenase 
SCO1236 ureA, urease gamma subunit 
Vitamin synthesis 
SCO1443 probable riboflavin synthase 
Transcription and replication factors 
SC02329 possible transcriptional regulator 
SC05836 DNA gyrase-like protein, subunit A, len: 818 aa 
Membrane transporters 
SC03956 putative ABC transporter ATP-binding protein 
SC05774 gluD, probable glutamate permease 
SC02166 probable two component sensor kinase 
SC07196 ion transporter protein 
SC05668 probable polyamine ABC-transporter ATP-binding protein 
SCO1683 possible amino acid permease 
SC03029 possible L-lactate permease 
Amino acid metabolism 
SC03070 probable chlorohydrolase 
SCO1476 S-adenosylmethionine synthetase 
SC03077 probable cystathionine beta-synthase 
SC0221 0 g1nI1, glutamine synthetase 
RNA synthesis 
SC04718 rpIR, 50S ribosomal protein L18 
SC03629 purA, probable adenylosuccinate synthetase 
Aerobic respiration 
SC03945 cydA, cytochrome oxidase subunit I 
SCO1934 possible cytochrome oxidase assembly factor 
Other functions 
SC02529 
SC03661 
SC06763 
SC03934 
SCO1958 
SC03182 
SC02338 
SC02132 
SC03889 
SCO1655 
Average Fold pfp value 
lo-q;, oo/, ql chanqe too>ql) 
1.34 2.5 0.82 
1.13 2.2 0.71 
1.03 2.0 0.83 
1.01 2.0 0.81 
0.99 2.0 0.97 
0.99 2.0 0.98 
1.19 2.3 0.82 
0.99 2.0 0.73 
1.67 3.2 0.91 
1.24 2.4 0.75 
1.08 2.1 0.99 
1.04 2.1 0.98 
1.04 2.1 0.99 
1.03 2.0 0.97 
1.01 2.0 0.98 
1.26 2.4 0.79 
1.19 2.3 0.78 
1.15 2.2 0.76 
1.15 2.2 0.76 
1.14 2.2 0.72 
1.04 2.1 0.83 
1.21 2.3 0.75 
1.07 2.1 1.00 
possible metalloprotease 1.44 2.7 0.76 
probable cip-family ATP-binding subunit 1.39 2.6 0.74 
probable polyprenyl synthetase 1.28 2.4 0.75 
ftsK /spollIE family protein 1.24 2.4 0.77 
uvrA, ABC excision nuclease subunit A 1.21 2.3 0.75 
gtaB, UTP-glucose-1 -phosphate uridylyltransferase 1.20 
2.3 0.76 
possible 0-methyltransferase 1.09 2.1 0.84 
possible glycosyl transferase 1.03 2.0 0.99 
trxA, thioredoxin 1.03 2.0 0.97 
probable lipoprotein oligopeptide binding protein 1.00 2.0 0.95 
Table 6.4. List of the genes over-expressed in olive-oil grown cells, at 96 h, categorised according to their 
roles in bacterial physiology. The average log2 00191 (n=3) shows the difference in expression levels of a 
gene in olive oil-grown cells compared to that in the glycerol-grown cells. The pfp value shows the 
significance of this difference, with a pfp value <0.15 indicating significant difference. 
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Gene name Predicted gene function 
Model-included enzvmes 
ceas I clavulanic acid biosynthesis 
ca 12 penicillin-binding protein 
SC02131 probable long chain fatty acid CoA ligase 
SC04502 probable ketoacyl CoA thiolase 
SC04744 cpS, probable holojacyl-carrier protein ] synthase 
SC04470 probable phosphoglycerate mutase 
Vitamin synthesis 
SC05562 thiL, thiamine monophosphate kinase 
Transcription factors 
SC07512 probable AraC-family transcriptional regulator 
SCO1697 merR-family transcriptional regulator 
SC06808 possible ArsR-family transcriptional regulator 
SC02398 marR-family transcriptonal regulator 
SC05463 MerR-family transcriptional regulator 
SC04850 possible tetR-family transcriptional regulator 
Membrane transporters 
SC07274 possible membrane protein 
SC06739 probable BCCT family transporter 
SCO0700 probable ABC transporter protein 
SC04240 msiK, ABC transporter ATP-binding protein 
SC02216 two-component system response regulator 
Amino acid metabolism 
Average Fold pfp value 
! 2gý-. Qo/ 
- 
1) ýgl chanqe (oo<q 
-2.16 4.5 0.06* 
-1.56 3.0 0. W 
-1.44 2.7 0.18 
-1.26 2.4 0.27 
-1.26 2.4 0.25 
-1.17 2.3 0.30 
-1.80 3.5 0.05* 
-1.72 3.3 0.07* 
-1.44 2.7 0.15* 
-1.33 2.5 0.30 
-1.29 2.4 0.31 
-1.16 2.2 0.33 
-1.07 2.1 0.33 
-1.52 2.9 0.15* 
-1.31 2.5 0.20 
-1.21 2.3 0.23 
-1.17 2.3 0.31 
-1.05 2.1 0.32 
SCO1 176 probable dihydroxy-acid clehydratase -1.18 2.3 0.21 
RNA synthesis 
SC04814 purH, bifunctional purine biosynthesis protein -1.55 3.0 0.07* 
SC04068 purD, phosphoribosylarnine-glycine ligase -1.19 2.3 0.31 
SC05591 30S ribosomal protein -1.11 2.2 0.32 
Aerobic respiration 
SC04600 nuoB2, NADH dehydrogenase subunit 
Other functions 
2.3 0.29 
SC03359 cseC, sensory histidine kinase (gene regulation) -1.74 3.3 0.06* 
SC02486 nirB, probable nitrite reductase (NADP+ reduction) -1.64 3.1 0.15* 
SC05278 possible magnesium chelatase -1.35 2.5 0.15* 
SC06966 possible lipase (lipolysis) -1.35 2.5 0.20 
SC06759 probable phytoene synthase (carotenoid synthesis) -1.20 2.3 0.17 
SC03621 probable serine-threonine protein kinase (phosphorylation) -1.20 2.3 0.31 
SC05257 methyltransferase (methylation) -1.12 2.2 0.31 
SCO0650 gvpA2, possible gas vesicle synthesis protein (flotation) -1.09 2.1 0.36 
Table 6.5. List of the genes over-expressed in glycerol-grown cells, at 96 h, categorised according to their 
roles in bacterial physiology. The average log200191 (n=3) shows the difference in expression levels of a 
gene in olive oil-grown cells compared to that in the glycerol-grown cells. The pfp value shows the 
significance of this difference, with a pfp value <0.15 indicating significant difference (*). 
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6.5 Discussion 
6.5.1 cDNA vs. cDNA microarray experiment 
In the first attempt to identify genes important for olive oil utilisation by S. 
clavuligerus, it was observed that only a small number of genes (2%) were 
differentially expressed in olive oil- and glycerol-grown cells. This could be 
explained by the fact that the only difference between the olive oil- and glycerol- 
containing cultures was the type of carbon source, therefore no huge differences 
in global gene expression could be expected. Small number of differentially 
expressed genes (18%) was also reported by Barrangou et al. (2006) who 
studied gene expression of Lactobacillus acidophilus growing with different 
carbohydrates and by Zaigler et al. (2003) (10%) who studied gene expression 
of the archaeon Haloferax volcanii growing on either casamino acids or glucose. 
Gene products corresponding to genes over-expressed in the olive oil- 
grown cells are shown in Table 6.3. 
The highest expression was that of a putative non-heme- 
chloroperoxidase. These enzymes were shown to have phosphatase activity in 
Serratia marcescens. (Preobrazhenskaya et aL, 2003). More interestingly, a 
chloroperoxidase was shown to have a role as an interface-binding molecule and 
in combination with polystyrene it acts as a surfactant-like structure that self- 
assembles at oil-water interfaces (Zhu et al., 2005). Therefore, it is likely that this 
enzyme acts as a bioemulsifier secreted by S. clavuligerus to emulsify the olive 
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oil present in the culture, which would explain the 20-fold over-expression of the 
gene coding for it. 
Expression of secreted neuraminidase was also up-regulated. Several 
groups have reported neuraminidase (or sialidase) production by Streptomyces 
sp., however its physiological role is not clear (Kabayo and Hutchinson, 1977; 
Kunimoto et al., 1974, Myhill and Cook, 1972). It could be that they act as 
glycoside hydrolases that are important in biosynthesis of oligosaccharide chains 
and quality control of glycoprotein synthesis (Asano, 2003). 
Iron siderophores bind to iron ions found in the environment and are 
subsequently imported in the cell (Bunet et al., 2006). Over-expression of an iron 
siderophore transport system in the olive oil-grown cells indicates that iron might 
be important in olive oil utilisation. Reports from petroleum oil biodegradation 
studies suggest that iron limitation increases bioemulsifier production (Desai and 
Banat, 1997) and that addition of chelated iron stimulated biodegradation (Dibble 
and Bartha, 1976). 
Nitrate extrusion proteins are necessary for export of nitrate out of the cell, 
a process coupled with nitrite uptake (Moir and Wood, 2001). However, there 
was no nitrate or nitrite in the media used here, therefore the over-expression of 
this gene in olive-oil grown cells could only be explained if the cells were 
synthesising nitrate as a metabolic by-product or it is found in olive oil. 
Glutamyl-tRNA synthetase and valyl-tRNA synthetase have a role in 
protein synthesis and quality control of translation (lbba and S611,2001) and over- 
expression of these genes encoding them suggests that protein synthesis is 
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more active in olive oil-grown cells. Nicotinate-nucleotide transferase is involved 
in NAD+ synthesis (Magni et al., 1999). Acyl-CoA dehydrogenase catalyses the 
first step of P-oxidation and acyl-carrying protein involved in fatty acid 
biosynthesis, carrying the acyl-group to the growing chain (Salway, 1999). 
Glycogen phosphorylase carries out degradation of glycogen to glucose units, 
gluconokinase is involved in gluconate metabolism and glycine clehydrogenase 
converts glycine to glyoxylate (Usha et aL, 2002). Helicase takes part in DNA 
replication (Cooper, 1997). Lastly, an O-rn eth yltra nsfe rase is an enzyme 
essential for the biosynthesis of undecylprodigiosin (red antibiotic) in S. coelicolor 
(Feitelson and Hopwood, 1983). 
Gene products corresponding to the genes over-expressed in the glycerol- 
grown cells are shown in Table 6.3. 
It is interesting that three essential biosynthetic enzymes for clavulanic 
acid (cas2, car, ceas2,, Fig 1.3) had lower expression levels in the olive oil-grown 
cells than the glycerol-grown cells (see Chapter 7). Two more genes that had 
higher expression levels in the glycerol-grown cells than in the olive oil-grown 
cells were these encoding thioredoxin reductase that is essential for redox 
regulation of protein function and signalling (Jeong et al., 2006), dihydropicolinate 
synthase th at is involved in lysine biosynthesis and 5,10- 
methyle netetra hyd rofo late reductase that is involved in the folate cycle and in the 
biosynthesis of several amino acids (Salway, 1999). 
As this exploratory experiment was performed without replicates, the 
results obtained here have to be repeated by an experiment using independent 
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biological replicates (section 6.5-2). However, this early analysis of the S. 
clavuligerus trancriptome profiles in olive oil and glycerol cultures provided an 
indication of what to expect in future studies. 
6.5.2 cDNA vs. gDNA microarray experiment 
Similarly with the results of the exploratory analysis of gene expression, a very 
small number of genes (3%) were found to be differentially expressed between 
olive oil- and glycerol-grown cells. 
The differentially expressed genes that are described in Tables 6.4 and 
6.5 are discussed here according to the function of the proteins they encode. The 
www. streptomyces. org database (ScoCyc tool) was used for obtaining 
information about the function of the genes discussed below. 
It has to be noted that only a small number of the genes discussed below 
(10) is significantly over- or down-regulated (pfp value < 0.15), as it is highlighted 
in tables 6.4 and 6.5. Also, Hesketh et aL (2007) used an even lower threshold 
for significance (pfp value < 0.10), in which case the number of differentially 
expressed genes becomes even smaller (6), however the pfp threshold used 
here is also acceptable, as it is only marginally higher than the one used by 
Hesketh et al. (2007). This slight increase of the pfp threshold was performed in 
order to include genes with pfp values very close to 0.1 (e. g 0.12,0.13, etc. ). For 
the genes that have 1092oo/gl ratios above 1 but they have pfp values well above 
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0.15, further experimental validation is necessary, either by further microarray 
analysis or by real-time quantitative PCR (RT-qPCR) before concluding about the 
significance of their differential expression. 
6.5.2.1 Genes included in the hypothetical model 
Two of the genes over-expressed in olive oil-grown cells, at 96 h of culture, are 
these coding for glycerol kinase that converts glycerol to glycerol-3-phosphate 
and glycerone kinase, an enzyme that converts dihydroxyacetone to 
dihydroxyacetone phosphate (DHAP), an important intermediate of glycerol 
metabolism. This shows that the glycerol obtained from the lipolysis of the 
triacylglycerides of olive oil is still being utilised at 96 h and more actively than in 
glycerol-grown cells. It is interesting that the gene coding for glycerol kinase 2 
(glpK2) was over-expressed in olive oil-grown cells instead of this encoding 
glycerol kinase (glpK) that it is normally expressed in glycerol-grown S. coelicolor 
(Smith and Chater, 1988). It could be that glycerol kinase 2 is specific for 
utilisation of triacylglyceride-derived glycerol. Surprisingly, g1pKI was not found 
to be over-expressed in glycerol-grown cells here. 
The gene coding for glucosamine-fructose-6-phosphate aminotransferase 
was also up-regulated in olive-oil-grown cells. This enzyme catalyses the 
reaction of D-fructose-6-phosphate with glutamine to form glutamate. 
Glutamate 
is an important compound linking the TCA and urea cycles (Salway, 
1999). The 
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latter involves formation of arginine, one of the two direct precursors for 
clavulanic acid biosynthesis. Interestingly, the gene encoding urease is also 
over-expressed in olive-oil grown cells, perhaps indicating that the urea cycle is 
more active in olive-oil grown than glycerol-grown cells, as more urease is 
needed for the breakdown of urea (a by- product of the urea cycle) to NI-13 and 
C02 (Salway, 1999). However, higher urea production is not expected (see 
Chapter 7). 
Lastly, an acyl-coA clehydrogenase gene was also over-expressed in 
olive-oil grown cells. Acyl-coA dehydrogenase is an enzyme of P-oxidation, 
converting acyl-coA to tranS_A2 -enoyl-coA. A different gene coding for the same 
enzyme was also shown to be over-expressed in olive oil-grown cells by the 
exploratory experiment (Table 6.3). 
A similar number of genes that are included in the hypothetical model 
were over-expressed in glycerol-grown cells, at 96 h. S. clavuligerus genes 
ceasl and ca12 (orfI8), both over-expressed with a pfp value < 0.15, are 
involved in clavulanic acid biosynthesis, with the former catalysing the first 
reaction of the clavulanic acid biosynthetic pathway (Figure 1.3) and the latter 
encoding a penicillin-binding protein which is necessary for antibiotic resistance, 
more likely to the antibiotics that S. clavuligerus itself is producing (Mellado, 
2002). The exploratory experiment also showed three over-expressed genes 
in 
glycerol-grown cells but different ones (cas2, ceas2 and car). This 
indicates that 
clavulanic acid biosynthesis is more active in glycerol-grown cells 
(see Chapter 
7). 
164 
In addition, a gene coding for phosphoglycerate mutase, an enzyme of the 
glycolytic pathway, was over-expressed in glycerol-grown cells. This suggests 
that glycolysis is more active in glycerol-grown than olive oil-grown cells at 96 h. 
Finally, three genes coding for enzymes of fatty acid metabolism were 
also over-expressed in glycerol-grown cells. Ketoacyl-CoA thiolase and long 
chain fatty acid-CoA ligase are enzymes of P-oxidation. The latter enzyme needs 
a acyl-carrier protein that could be synthesised by the aid of a holo-[acyl-carrier 
protein] synthase, that was also found to be over-expressed in glycerol-grown 
cells. However, a gene coding for an acyl-carrier protein was found to be over- 
expressed in olive-oil grown cells in the exploratory experiment (Table 6.3). A 
study by Banchio and Gramajo (1997) showed that S. coelicolor constitutively 
expresses the enzymes of the P-oxidation pathway, without the need for 
induction by a fatty acid of any chain length. Moreover, ketoacyl-CoA thiolase is 
involved in the degradation of alanine, isoleucine and valine. 
Overall, the transcriptornic data obtained here indicate that at 96 h of 
culture, glycerol metabolism and the route from glutamate to arginine via the urea 
cycle are more active in olive oil-grown cells but glycolysis is more active in 
glycerol-grown cells. Although no glycerol catabolism genes were found over- 
expressed in these cell, an active glycolysis indicates possible presence of 
glycerol at 96 h. P-oxidation enzyme genes are over-expressed in both olive-oil 
and glycerol-grown cells, making it difficult to conclude about the activity levels of 
this pathway in the two culture types. Incorporation of the information from 
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biochemical analyses is necessary for confirming the indications of the 
transcriptornic data (see Chapter 7). 
6.5.2.2 Vitamin synthesis 
The gene coding for riboflavin synthase was over-expressed in olive oil-grown 
cells. Riboflavin synthase converts 6,7-dimethyl-8-(l-D-ribityl)lumazine to 
riboflavin (Vitamin 132) as part of the FAD biosynthetic pathway. FAD is the pre- 
cursor of FADH2, an electron-carrying molecule used in various reactions 
demanding reducing power. The reduction potential of FADI-12 is used for ATP 
synthesis during aerobic respiration. 
The gene encoding thiamine monophosphate kinase was over-expressed 
in glycerol-grown cells (pfp < 0.15). There are three thiamine (Vitamin Bj) 
phosphate derivatives in the cells: thiamine mono-, di- and triphosphate. 
Thiamine monophosphate kinase phosphorylates thiamine monophosphate to 
thiamine diphosPhate, which can then be converted to thiamine triphosphate. 
The latter was found to act as a signal for the adaptation of bacteria to stringent 
conditions such as amino acid starvation (Lakaye et al., 2004). Since glycerol 
was exhausted at the end of the glycerol-containing culture, up-regulation of 
thiamine monophosphate kinase gene expression could mean that thiamine 
derivatives are involved in the signalling cascades of the starvation response. 
Thiamine in general is very important for cell metabolism. Its derivative thiamine 
pyrophosphate is an essential co-factor for many metabolic enzymes, such as 
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pyruvate dehydrogenase (metabolism of carbohydrates), branched-chain alpha- 
keto acid dehydrogenase (branched-chain amino acid degradation) and 
transketolase (pentose phosphate pathway). Pentose phosphate pathway is 
important for synthesis of NADPH and pentoses, such as purines (nucleic acid 
synthesis) (Salway, 1999). 
6.5.2.3 Membrane transporters, transcription factors and nucleic acid synthesis 
Several genes encoding for membrane proteins were found to be over-expressed 
in both olive oil and glycerol-grown cells. One of those over-expressed on 
glycerol-grown cells had a pfp value < 0.15. Although it is difficult to know their 
exact role, they provide some information about the compounds that are being 
transported and perhaps used by the cells. For instance, in olive oil-grown cells, 
genes coding for glutamate, lactate and amino acid transporters are over- 
expressed indicating that these molecules might be more actively transported by 
olive oil-grown than by the glycerol-grown cells. However, again, these 
compounds were not included in the medium. 
The gene coding for DNA gyrase, an enzyme of DNA replication was over- 
expressed in olive oil-grown cells, however more transcription factor genes were 
over-expressed in glycerol-grown cells (two of them with pfp < 0.15). 
Genes 
coding for enzymes involved in ribosomal RNA synthesis were also 
differentially 
expressed (one of them with pfp < 0.15). All these events, 
indicate that the 
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cellular machinery for nucleic acid and protein synthesis remains highly active 
during the stationary phase (96 h). 
6.5.2.4 Amino acid metabolism 
The genes encoding the following four enzymes were over-expressed in olive oil- 
grown cells. 
* Cystathionine beta-synthase, a homosysteine-serine dimer involved in 
cysteine biosynthesis, methionine degradation (folate cycle) and 
homocysteine degradation. 
* Glutamine synthetase, an enzyme involved simultaneously in both 
glutarnine biosynthesis and in the ammonia assimilation cycle, as ammonia 
is needed to convert glutamate to glutamine. As part of the ammonia 
assimilation cycle, glutamine can form glutamate again by reaction with a- 
ketoglutarate (Salway, 1999). 
e S-adenosylmethionine synthetase is involved in S-adenosylmethionine 
synthesis and methionine synthesis and degradation as part of the folate 
cycle. Interestingly, another enzyme of the folate cycle, 5,10- 
m ethyle netetra hyd rofo late reductase, was found to be over-expressed in 
glycerol-grown cells (exploratory experiment). Accumulation of intracellular 
folate in bacteria has been linked to growth inhibition (Leduc et al., 2007), 
therefore it could be that by maintaining an active folate cycle the cell limits 
intracellular folate levels, avoiding inhibition of growth. The folate cycle is 
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also involved in nucleotide biosynthesis, amino acid metabolism and 
provides methyl units for the methylation of proteins, lipids and DNA 
(Salway, 1999). Methylation of DNA is important for gene regulation 
(Cooper, 1997). 
* Chlorohydrolase is involved in the pathway histicline degradation to L- 
glutamate and formate, converting 4-imidazolone-5-propionate to N- 
formimino-L-glutamate. 
The gene coding for dihydroxy-acid dehydratase was over-expressed in 
glycerol-grown cells. This enzyme is involved in the pathway leading to valine 
and isoleucine synthesis. As mentioned above, the gene encoding ketoacyl-CoA 
thiolase that is involved in valine and isoleucine degradation was also over- 
expressed in glycerol-grown cells. Interestingly, Ives and Bushell (1997) reported 
that utilisation of extracellular valine and isoleucine leads to higher clavulanic 
acid production compared to glycerol utilisation. Therefore, It might be that due to 
glycerol exhaustion in the glycerol-containing culture, the cells have started 
utilising isoleucine and/or valine as carbon and nitrogen sources for survival 
and/or clavulanic acid production, although it has to be noted that the levels of 
such amino acid pools are very low. 
6.5.2.5 Aerobic respiration 
The expression of two genes coding for enzymes of the respiratory chain 
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(cytochrome oxidase subunit I and cytochrome oxidase assembly factor) was up- 
regulated in olive oil-grown cells and of one gene encoding for an enzyme of the 
respiratory chain (NADH dehydrogenase subunit) in glycerol-grown ones. Taking 
also in account the riboflavin synthase gene (section 6.5-2.2) that is also over- 
expressed in olive-oil grown cells and it is involved in FAD synthesis, it could be 
suggested that aerobic respiration is more active in olive-oil grown cells, which is 
also supported by the fact that oil contains more energy per gram than glycerol 
(Stowell, 1987), making the demand for oxygen higher, which is in agreement 
with the oxygen measurements during fermentation (Figure 3.9). 
6.5.2.6 Other functions 
Several genes were differentially expressed whose functions do not fall in the 
categories discussed above. For most of them their involvement in cell 
physiology is not clear, however some do have interesting roles. The genes over- 
expressed in olive oil-grown cells include the ones coding for ABC excision 
nuclease subunit A that is involved in DNA repair (Orren and Sancar, 1989), 
polyprenyl synthatase that is involved in polyisoprenoid synthesis, glycosyl 
transferase that is involved in mycothiol synthesis which has anti-oxidative and 
detoxifying properties (Park et aL, 2006) and UTP-glucose-1 -phosphate 
uridylyltransferase that catalyses the reaction of a-D-glucose-1 -phosphate 
with 
UTP to form UDP-D-glucose, a molecule that is involved in a variety of pathways, 
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such as techoic and colanic acid biosynthesis (cell wall components), 
tetra hyd rofolate biosynthesis and metabolism of glycogen, trehalose, galactose 
and other sugars. 
Sensory histicline kinase systems (pfp < 0.15) are involved in a range of 
adaptive responses controlling gene expression in both gram-negative and gram 
positive bacteria (Ishizuka et al., 1992). 
Magnesium chelatases (pfp < 0.15) are facilitating import of magnesium in 
the cell. The fact that a gene that encodes one of them is over-expressed in 
glycerol-grown cells suggests that magnesium uptake is more active in these 
cells than the olive oil-grown ones. Magnesium plays an important role in a wide 
variety of biological processes essential for growth, such as ATP utilisation and 
DNA replication (Salway, 1999; Cooper, 1997). 
Nitrite reductase (pfp < 0.15) catalyses the reduction of nitrite, coupled by 
reduction of NADP+ to NADPH. NADPH is a reducing agent that takes part in 
fafty acid and nucleic acid synthesis. 
A lipase carrying out the breakdown of triglycerides to fatty acids and 1,2- 
diacylglycerol was also over-expressed in glycerol-grown cells (see Chapter 7). 
Phytoene synthase is involved in carotenoid biosynthesis and serine- 
threonine protein kinase is involved in protein phosphorylation. 
Different methyltransferase genes were over-expressed in both olive-oil 
and glycerol-grown cells. These enzymes carry out methylation of various 
substrates, including DNA (gene regulation) (Cooper, 1997). The same 0- 
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methyltransferase gene that was found over-expressed in olive oil-grown cells 
was also confirmed by the exploratory experiment (Table 6.3). 
Finally, gas vesicle synthesis protein carries out gas vesicle formation that 
have been recently suggested to facilitate flotation (van Keulen et al., 2005). 
6.6 Chapter summary 
The transcriptomic analysis described in this chapter identified several interesting 
genes whose expression is up- or down- regulated in olive oil-grown cells 
compared to their expression levels in glycerol-grown cells. Some of these genes 
are found in the hypothetical model, others have interesting physiological roles 
that had to be mentioned. Overall, this information about the gene expression 
profiles in the two culture types, in combination with the biochemical analysis 
results described in previous chapters will enable a better understanding of the 
metabolic pathways involved in oil utilisation by S. clavuligerus. 
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Chapter 7: 
Conclusions 
7.1 Chapter overview and obiectives 
In this chapter, the biochemical data discussed in Chapters 3,4 and 5 will be 
combined with the transcriptomic data presented in Chapter 6, in order to 
interpret the obtained results and understand how S. clavuligerus uses the olive 
oil substrate for growth and clavulanic acid production. The hypothetical model 
introduced in section 1.5 will be used as a tool for focusing the biochemical and 
microarray results on the pathways of interest. Finally, the achievements of this 
work will be summarised, followed by suggestions for future studies. 
7.2 Proposed mechanism for oil utilisation by S. clavulýqerus 
Between 5 and 24 h of culture, the bacteria are adjusting to the culture conditions 
and no significant growth is observed, although fatty acid and glycerol uptake is 
taking place (Figures 3.11 and 3.12). At 48 h, active growth starts (early 
exponential phase), peaking at 72 h and reaching a plateau by 96 h. Clavulanic 
acid production starts at 72 h and reaches a maximum at 96 h, in both culture 
media (Figure 3.9). At 48 and 72 h RNA content was higher in glycerol-grown 
cells, probably because they entered exponential phase earlier than olive oil- 
grown cells (Figures 4.1 and 3.9). 
The decrease of triacylg lyce ride levels during the first 24 h of culture 
(Figure 3.11) together with the much higher cell lipid levels in the oil-grown cells 
at 48 h (compared to the lipid levels measured in the glycerol-grown cells; 
Figure 
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4.2), suggest that the triacylglyceride-derived fatty acids in the oil-containing 
medium are taken up by the growing bacteria. Glycerol is also utilised in these 
cells as shown by the increasing glycerol kinase levels between 48 and 96 h 
(Figure 4.8). It is very interesting that glycerol kinase activity increases in parallel 
with clavulanic acid production (Figures 3.9 and 4-8), suggesting that glycerol is 
actually used as substrate for clavulanic production, via synthesis of 
glyceraldehyde-3-P. This is of course expected as clavulanic acid is efficiently 
produced in the culture containing only glycerol; however it could be that fatty 
acids are preferred to glycerol as carbon source for clavulanic acid production. 
On the contrary, lipid levels seem to accumulate in the cell as internal storage 
until 48 h and then decrease dramatically (Figure 4.2) from 48 to 72 h before any 
clavulanic acid is produced. This may indicate that fatty acids are initially used for 
energy production, during a highly energy-demanding growth stage as growth 
reaches maximum. This is supported by the fact that glycerol kinase activity is 
very low at 24 and 48 h, being quite low even at 72 h (Figure 4.8). Another 
interesting observation is that pyruvate kinase activity in olive oil-grown cells is 
high at 24 h but then drops gradually at 48 and 72 h. Pyruvate kinase is an 
essential enzyme of glycolysis and its low activity at 48 and 72 h indicates that 
glycolysis (and therefore substrates such as glycerol or sugars) is not the main 
route for energy generation by TCA cycle. An alternative is fatty acid P-oxidation 
(Salway et al., 1999). 
At 96 h of culture, the bacteria were well into the stationary phase of 
growth and clavulanic acid production was maximal (Figure 
3-9). The enzyme 
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activity and the lipid, carbohydrate, protein and glycogen composition profiles of 
the olive-oil and glycerol-grown cells became very similar at 96 h (Figures 4.6, 
4.7,4.8,4.9,4.2 and 4.3) with the only exception of glycerol kinase activity that 
was higher in olive oil-grown cells. This can be explained as glycerol was 
exhausted in the glycerol-containing medium but was still available in the oil- 
containing medium. Low glycerol kinase levels in glycerol-grown cells together 
with high clavulanic acid levels indicate that some glycerol was still present and 
used for glyceraidehyde-3-P synthesis in the glycerol-grown cells at 96 h. 
Figure 7.2 shows the biochemical results from enzyme activity (Figure 4.6, 
4.7v 4.8 and 4.9) and LC-MS (5.10) analyses, for 96 h, regarding enzymes and 
metabolites that are included in the hypothetical model. Firstly, it is observed that 
all other tested enzymes, with the exception of glycerol kinase (acyl-coA 
clehydrogenase, pyruvate kinase and glutamate dehydrogenase), had similar 
activity levels in olive oil and glycerol-grown cells. Secondly, all key metabolites 
that were tentatively identified and quantified by LC-MS (glyceraldehyde-3P, 
arginine, glutamate and ornithine) had similar abundance levels. 
Figure 7.3 shows the biochemical information presented in Figure 7.2 
combined with the transcriptomic data presented in Tables 6.4 and 6.5 and 
discussed in section 6.5.2.1. In Figure 7.3, it can be observed that the metabolic 
route from glycerol to glyceraldehyde-3P was more active in olive-oil grown cells, 
at 96 h, as as both the activity of glycerol kinase and the expression levels of the 
gene that codes for it (SCO0509) were higher in these cells than the glycerol- 
grown ones. In addition, the gene coding for glycerone kinase an enzyme 
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catalysing the formation of clihydroxyacetone phosphate was also over- 
expressed in olive oil- grown cells. However, glyceraldehyde-3P levels were 
similar in olive oil- and glycerol-grown cells. 
The route from acetyl-coA to arginine seems to be similarly active in both 
olive oil- and glycerol-grown cells, at 96 h. This is indicated by the fact that the 
three metabolites analysed by LC-MS (glutamate, ornithine and arginine) had 
similar abundance levels and glutamate dehydrogenase had similar activity 
levels in both olive oil- and glycerol-grown cells. This finding could suggest that 
fatty acids did not participate in arginine synthesis and that the carbon substrate 
for arginine production in olive oil-grown cells was glycerol, as in glycerol-grown 
cells. Although a gene coding for urease was found to be over-expressed in olive 
oil-grown cells (Table 6.4; Figure 7.3), higher urea production is not expected 
since ammonium utilisation was similar in both media (Figure 3.10) and none of 
the genes encoding urea cycle enzymes were differentially expressed. 
Figure 7.3 also shows that glycolysis was less active in olive-oil grown 
cells than in glycerol-grown cells, as the expression of phosphoglycerate mutase, 
an essential glycolytic enzyme, was up-regulated in the latter cells. This can be 
explained since glycerol was used for both energy production (via glycolysis) and 
clavulanic acid biosynthesis in glycerol-grown cells, while in olive oil-grown cells 
fatty acids were also used for energy generation. Pyruvate kinase activity was 
similar in both conditions. 
The higher levels of clavulanic acid produced at 96 h in glycerol-grown 
cells (Figure 3.9) also suggest that only glycerol was used for the synthesis of 
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glyceraldehyde-3P and arginine in olive oil-grown cells, as if fatty acids were 
used for producing these precursors, clavulanic acid levels in the oil-containing 
fermentation would be higher. The over-expression of several clavulanic acid 
biosynthetic genes in glycerol-grown cells (Figure 7-3) mirrored the higher 
clavulanic production in these cells. It is interesting that glycerol can support 
growth and survival in glycerol-grown cells and give higher clavulanic acid levels 
than olive oil in olive oil-grown cells, but if the small amount of triacylg lyce rides 
that is used is considered then it should be expected that less glycerol should be 
available for the latter cells. 
All this information supports the suggestion that fatty acids in olive oil- 
grown cells were mainly used for energy production via P-oxidation and the TCA 
cycle, while glycerol was used at a later stage (60-72 h) for clavulanic acid 
biosynthesis. 
Also, alternative substrates, such as fructose-6P or histidine could be 
used for arginine production, as the genes coding for the enzymes that convert 
these two compounds to glutamate were found to be over-expressed in olive oil- 
grown cells (Figure 7.3). An interesting experiment would be to use an 
unesterified fatty acid as sole carbon source to see if the bacterium can produce 
clavulanic acid with this substrate, in the absence of glycerol. 
Another possibility is that fatty acids can be used as carbon source 
for 
glyceraldehyde-3P via the anaplerotic pathway (Salway, 1999). 
If this was true, 
then the levels of this precursor would be much higher in olive oil- than glycerol- 
grown cells when measured by LC-MS and some of the anapleurotic pathway 
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enzyme genes would be over-expressed in olive oil-grown cells. Analysis of the 
activity of the anapleurotic pathway enzymes could shed more light on this 
possibility, although it seems that this route is unlikely as it would result to higher 
clavulanic acid levels in the oil-containing culture. 
It is difficult to conclude about the activity of the P-oxidation pathway in 
olive oil- and glycerol-grown cells, as various P-oxidation-involved genes are 
over-expressed in both conditions at 96 h. Acyl-coA dehydrogenase activity is 
also similar in both olive oil- and glycerol-grown cells (Figure 7.3). It seems that 
P-oxidation activity in olive oil-grown cells is decreasing as lipid levels in the cells 
are decreasing, reaching similar levels with the P-oxidation activity of glycerol- 
grown cells at 96 h. P-oxidation activity in olive oil-grown cells should be studied 
at earlier stages of growth when fatty acid utilisation is high in order to confirm 
that it is higher than glycerol-grown cells. The same is true for TCA cycle activity, 
since the energy needed at 96 h is less than at earlier stages. 
7.3 Achievements of this research 
Firstly, it was found that S. clavuligerus is able to utilise oils as sole carbon 
source, with noteworthy levels of growth and clavulanic acid production. 
The 
results obtained by testing growth and clavulanic acid production using 
different 
oils in shake flasks indicated that olive oil was the best of all the oils 
tested. 
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clavuligerus was then successfully grown in a laboratory-scale 
bioreactor using olive oil as the sole carbon source. The culture was analysed by 
a series of biochemical assays and compared with this of a control S. 
clavuligerus culture using glycerol as the carbon source. The clavulanic acid yield 
was found to be higher in the olive oil- than in the glycerol-containing culture. 
This was followed by the development and application of a method for 
extraction and analysis of intracellular metabolites by LC-MS and the 
employment of DNA microarrays for measuring the levels of tentatively-identified 
key metabolites and gene expression levels, respectively. 
Furthermore, the information from biochemical and transcriptomic 
analyses was combined and the oil utilisation mechanism described in the 
previous section was proposed. 
Lastly, several findings of potential interest were made, such as the 
possible identification of the lipase gene involved in triacylglyceride lipolysis by S. 
clavuligerus (similar to SC06966 in S. coelicolor, Table 6.4), the confirmation of 
glutarnate dehydrogenase activity in S. clavuligerus (Figure 4.7) and the 
indications for active isoleucine and/or valine degradation in glycerol-grown cells 
(sections 6.5.2.1 and 6.5.2.4), folate cycle (sections 6.5.1,6.5.2.4 and 6.5.2.6) 
and use of the GABA shunt as a bypass for two TCA cycle reactions (section 
5.4), at 96 h of culture. 
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7.4 Suggestions for future studies 
With the data obtained in this project a metabolic model for oil utilisation by S. 
clavuligerus can be constructed and subsequently validated by further 
experiments. 
The newly developed method for extraction of intracellular metabolites can 
be further improved by using appropriate sampling equipment that will permit 
effective quenching of the fermentation samples (see Chapter 5). 
The LC-MS method for analysis of bacterial intracellular metabolites can 
be applied for measuring more metabolites that are involved in the metabolic 
pathways linking triacylglycerides to clavulanic acid, for further confirmation of 
the results and the suggestions presented here. LC-MS and transcriptomic 
analyses are also necessary to be performed at time points earlier than 96 h, in 
order to gain a full picture about the metabolic routes followed during growth of S. 
clavuligerus with olive oil. Furthermore, use and monitoring of glycerol and fatty 
acids labelled with 
13C or 14C could also shed more light on these pathways. 
Lastly, the enzymes of the anaplerotic pathway, gluconeogenesis and TCA cycle 
were not monitored in this study, therefore it would be useful to examine these 
routes as well. 
An attempt to grow S. clavuligerus with a fatty acid (e. g. oleic acid) as sole 
carbon source would confirm if fafty acids can be used for clavulanic acid 
production as well as sustaining cell growth and survival. 
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It would be also useful to analyse the type of the fatty acids remaining in 
the medium at the end of the culture, in order to investigate if some fatty acids 
are preferred to others for uptake and utilisation by S. clavuligerus. 
Finally, from an industrial perspective, the information obtained here can 
be used for designing metabolic or genetic engineering methods for improving 
clavulanic acid yields in olive oil-containing S. clavuligerus fermentations. The 
upgrade of this bioprocess to industrial-scale bioreactors could be successful and 
cost-efficient, especially if low-price olive oil sources are available. 
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Appendix 1: 
Development and application of three 
different methods for clavulanic acid 
measurement 
1. Introduction 
The spectro photometric assay used in this work for measuring clavulanic acid 
levels in fermentation samples (section 2.7.1.1) is an end-point assay that 
involves the reaction of clavulanic acid with imidazole, forming a conjugate 
product, which is then detected spectrophotometrically at 312nm (Bird et al, 
1982). More information about the chemical structure and properties of clavulanic 
acid is found in section 1.2.1. However, this assay is not very accurate and can 
be quite elaborate when many samples have to be processed. In addition it is 
expensive, demanding use of potassium clavulanate for preparing the standand 
curve. On the other hand, clavulanic acid assays that involve measurement of 
the initial rate of the reaction between clavulanic acid and imidazole have been 
used with plasma samples, reporting good accuracy (Ellis et al., 2000). Also, 
fluorescence detection (Haginaka et al., 1986) and LC-MS (Reyns et al., 2006) 
have been used to determine clavulanic acid levels. Lastly, high performance 
liquid chromatography (HPLC) (Foulstone and Reading, 1982) and more recently 
near- and mid-infrared spectroscopy (NIRS and MIRS, respectively) (Ferreira et 
at, 2005; Roychouclhury et aL, 2006) have also been applied. Here, three 
different methods were developed and tested in order to examine if they can 
replace the standard UV-based method. 
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2. Materials and Methods 
2.1 Kinetics-based assay: development and application on clavulanic acid 
stabilitv experiments 
For the preliminary experiments, samples in 1.5 mL plastic cuvettes were 
measured at 312 nrn for 10 min (every 5 sec), using a Beckman DUO 650 
computer-linked spectrophotometer, capable of performing reaction kinetics 
measurements. Each cuvette contained 10 mM imidazole (pH 7) and/ or 1 mM 
potassium clavulanate or both. A sample with both reactants was measured 
simultaneously for 5 h. A 200-800 nm wavelength scan was performed for the 
clavulanic acid and imidazole conjugate, imidazole only and clavulanic acid only. 
The speed of the scan was set at 600 nm/min. For determining concentration- 
dependence of the assay, a range from 0 to 1 mM potassium clavulanate was 
added in cuvettes with 10 mM imidazole and reverse osmosis (RO) water up to 1 
mL. This was performed in triplicate. Linear and sigmoidal equations were fifted, 
and R2 and residual values calculated (Sigma Plot 8-0). For determining pH- 
dependence, buffers of pH 4 to 10 were used. To achieve these pH values 100 
mM phosphate buffers (either Na2HP04, NaH2PO4 or H3PO4), containing 
100 mM 
imidazole, were mixed to appropriate volumes. 100 pL of each buffer were added 
to cuvettes with 800 pL of RO water and 1 mM potassium clavulanate. 
For 
testing clavulanic acid stability, 5 mL solvent solutions were prepared 
in glass 
bizoux vials, containing 0-80% ethanol, methanol, propanol or 
DIVISO plus 10 
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mM potassium clavulanate. All the samples were incubated at room temperature 
in the dark. Samples were taken at 0,6,12,24,30,36,48,54 and 60 h and 100 
ýtL were added in cuvettes containing 800 gL RO water and 10 mM imidazole. 10 
mL buffers solutions of different pH (pH 3.5-8.5) were prepared in glass 
universals as above, each containing a final concentration of 10 mM potassium 
clavulanate. Samples were taken in duplicate every 48 h. 100 ýtl- of sample were 
added in cuvettes containing 800 ýtl- RO water and 10 mM imidazole. All data 
were converted to ASCII format and imported into an electronic spreadsheet 
(Microsoft Excel), where the reaction rate values were calculated and the 
appropriate graphs plotted. 
2.2 Fluorescence-based assay 
A Cary Eclipse fluorimeter (Varian Inc., USA) was used to analyse clavulanic 
acid in aqueous solution. A fluorescence scan (fluorescence emission against 
wavelength) was initially performed in plastic cuvettes for 15 min, each 
containing imidazole and/or clavulanic (100 pL each in 1.8 mL 100 MM 
phosphate buffer). Instrument settings were as follows: excitation wavelength, 
312 nm (slit size: 10 nm); emission wavelength, 330-600 nm (slit size, 20 nm); 
photomultiplier tube (PMT) detector voltage: medium. 
A time-course scan of a sample containing: 100 mM phosphate buffer, 1.7 
mL; 100 mM imidazole, 100 pL; clavulanic acid, 200 pL; followed (fluorescence 
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against time), for 30 and 60 min. The instrument settings for the 30 min scan 
were: Excitation wavelength, 312 nrn (slit size: 10 nm); emission wavelength, 
375 nm (slit size: 20 nm); Read every: 10 sec; Changes for the 60 min scan 
involved: Excitation slit size, 2.5 nm; PMT voltage, high; Read every, 1 sec. 
Negative controls including one of the reactants and phosphate buffer or 
phosphate buffer-only were also run. 
Different amounts of the clavulanic acid solution described above were 
added to plastic cuvettes containing 100 pL of 100 mM imidazole solution and 
100 mM phosphate buffer up to 2 mL. A curve of fluorescence emission against 
clavulanic acid concentration was plotted. 
2.3 LC-MS-based assay 
Clavulanic acid standards (from 0-1 mM), in Milli-Q water, were analysed by LC- 
MS, without prior derivatisation with imidazole. The samples were centrifuged at 
12,000 rpm for 10 min before analysis, to ensure that no solid particles were 
present in the supernatant. The clavulanic acid standards were chromatographed 
on a Waters HHS T3 column using the following gradient: 0-3 min, 99.9 
% A; 3-6 
min, 99.9-80 % A; 6-8 min 80-0.1 % A; 9 min, 99.9 % A; 10 min 99.9 
% A; flow 
rate 0.6 ml/ min; column temperature 40 OC; samples kept at 
4 OC; before 
analysis by MS, as described in section 2.10.4. The integration mass values 
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(mass 198-04; retention time, 2.77 min) were plotted and R2 values calculated, 
for determining the linearity of the obtained curves. 
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3. Results and Discussion 
3.1 Kinetics-based assay 
3.1.1 Assav develooment 
No signal was detected at 312 nm for neither of the substrates. In contrast, signal 
was detected at 312 nm when both of the reactants were present in the cuvette 
and the conjugate product was formed (Figure 1A). The reaction of clavulanic 
acid with imidazole was followed for up to 5 h. Good linear increase of the 
absorbance was observed up to 5h (Figure 1 B). The wavelength at which 
absorbance of the reaction product is optimal is 312 nm (Figure 1C). 
The concentration and pH dependence of the reaction was then 
determined. A range of clavulanic acid concentrations was tested up to lmM 
clavulanic acid and the datapoints obtained fit better to a sigmoidal (R 
2=0.99) 
than a linear curve (R 2=0 . 98) (Figure 2). This is also supported by the fact that 
the residuals (or fitting error) for the sigmoidal regression were also closer to zero 
than the residuals for the linear regression (Figure 2). Also, a range of pH values 
was tested, from 4 to 10. The reaction rate was found to be increased by pH, 
reaching a maximum at pH 10 (Figure 3). 
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Figure 1. (A) Spectroscopic detection of the imidazole/clavulanic acid conjugate 
clavulanic acid (-) and imidazole () at 312nm. (B) Time-course of the reaction between 
clavulanic acid and imidazole. (C) Wavelength (A) scans of the clavulanic acid/imidazole 
conjugate (-), clavulanic acid (-) and imidazole (-) between 200 to 800 nm. Amax Is the 
wavelength at which maximal absorbance is observed. 
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Sigmoidal (-) and linear (-) residuals were calculated and plotted (C and D). The low concentration 
areas from A and B have been magnified for better demonstrating the degree of linearity/ 
sensitivity of the assay at this concentration range (E and F). Data shown as avg±SD (n=3). 
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Figure 3. The pH-dependence of the reaction of clavulanic acid with imidazole. Data 
shown as avg±SD (n=3). 
3.1.2 Application of the assay for clavulanic acid stability studies 
The modified assay was used to examine the effect of different solvents on 
clavulanic acid stability, as clavulanic acid is a very unstable compound 
(Haginaka et al., 1981). Water and DMSO were shown to preserve the clavulanic 
acid levels to approximately 100%. Ethanol and propanol preserved clavulanic 
acid at 80-100%, while with methanol clavulanic acid was degraded quickly, 
especially at solvent concentration of 40% and above (Figure 4). 
In addition, the effect of different pH values on the stability of clavulanic 
acid was investigated (Figure 5). At pH 3.5 to 6.5 clavulanic acid remains 
relatively stable and drops gradually down to 20% at 200 h. At pH 7.5 and 8.5 
193 
clavulanic acid concentration drops rapidly at 48 h. RO water (pH 6.8) preserved 
clavulanic acid at approximately 80% (1100 h). 
Therefore, it was decided to store clavulanic acid samples in RO water, 
which has the optimal ionic strength and pH for keeping the antibiotic relatively 
stable for few days. The results of the pH stability experiment were in agreement 
with these obtained by Hakinaka et al., 1981, which verifies the good sensitivity 
of the assay, at this concentration range. 
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Figure 5. Effect of pH on clavulanic acid stability (n=2). A RO water (pH 6-8); pH 3.5; A 
pH 5.5; o pH 6.5; + pH 7.5; 0 pH 8.5; m pH 4.5. 
However, when the assay was applied on the measurement of clavulanic acid in 
the fermentation medium (low levels), during S. clavuligerus cultivation, the 
values obtained were too low (data not shown) for performing a reliable 
measurement of clavulanic acid at this concentration range. This was confirmed 
by experiments that showed no linearity at a low concentration range. Therefore, 
it was decided to use the standard end-point assay instead of the modified one 
for clavulanic acid measurement. However, the new assay is of value for 
measuring high concentrations of clavulanic acid in solutions. 
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3.3 Fluorescence-based assay 
The wavelength scan showed that fluorescence displayed a maximum value at 
380 nrn for all samples, reaching 140 relative fluorescence units (RFU) for the 
negative controls (one reactant) and 120 RFU for the positive control (both 
reactants) sample (Figure 6). Similar findings were made by Haginaka et al. 
(1986) as well. It was also observed that although for the negative control 
samples the levels of fluorescence at 380 nm remain the same over time (four 
measurements every 15 min), a noteworthy reduction is observed in the positive 
control sample, from 120 to 100 RFU. This observation is in agreement with the 
time-course fluorescence monitoring over a period of 30 or 60 min (Figure 7), 
which shows a decrease of fluorescence detected during the reaction of 
imidazole with clavulanic acid. As shown in Figure 7, the negative control 
samples show little variance in fluorescence levels, although some decrease is 
observed for the clavulanic acid + phosphate buffer sample. 
Finally, as can be observed in Figure 8, the standard curve displayed 
linearity, whether the slope was calculated between 2-7 min (R 
2=0.93) or 1-21 
min (R 
2=0.96). 
The results obtained from the fluorescence-based assay, showed that an 
increase in the levels of the imidazole/clavulanic acid conjugate as the 
derivatisation reaction proceeds, is accompanied by reduction 
in the 
fluorescence levels. Therefore by measuring this reduction a value for the 
concentration of the antibiotic can be calculated with the aid of a standard curve. 
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Figure 6. A fluore scence against wavelength scan of samples with lmidazole and 
phosphate buffer (A), clavulanic acid and phosphate buffer (B) and imidazole, 
clavulanic acid and phosphate buffer (C). The four curves represent scans of the same 
sample (n=l) performed four times, once every 15 min, in sequence. 
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Figure 7. Time-course measurements (n=l) of fluorescence in clavulanic acid samples 
with imidazole and phosphate buffer ( --), up to 30 min (A) and 60 min (B). Controls 
included imidazole and phosphate buffer (-), clavulanic acid and phosphate buffer 
(-) and phosphate buffer-only (-) samples. 
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3.4 LC-MS-based assay 
The clavulanic acid samples were analysed by LC-MS and a single peak was 
detected at 2.77-2.80 min with a mass-to-ion charge ratio (m/z) of 198.04 which 
corresponds to clavulanic acid. The area of the peak clearly increases 
proportionally with clavulanic acid concentration (Figure 9) and a plot of the data 
is linear up to 0.25 mM (R 
2=0.99) (Figure 10). 
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Using the LC-MS method, no peaks were detected for clavulanic acid 
concentrations below 0.0156 mM (lower limit of detection) (Figure 10), which 
indicates that the assay is not sensitive for detecting smaller than this antibiotic 
concentration. The unique feature of this assay in regard to the other assays 
described in this chapter is that no derivatisation reaction is necessary. Although, 
the sensitivity of the assay was limited to 0.0156 mM (3-1 ng/mL) here, an even 
higher limitation was observed in the LC-MS-based assay developed by Reyns et 
al. (2006), where the detection threshold was 25 ng/mL. 
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4. Conclusions 
Comparison of the four assays' linearity (Figure 11) showed that the UV-based 
method has the most linear standard curve (Table 1), followed by the LC-MS-, 
kinetics-, and flu orescence- based assays. However, all of them could be used for 
measuring clavulanic acid in aqueous solutions, especially after further 
optimisation. 
As it is observed in Table 1 below, the UV-based assay although being 
more elaborate than the others, involving preparation of reference samples for 
each test sample and a 12 min incubation at 30 OC, it is more linear and sensitive 
for low concentrations of clavulanic acid. In addition, the UV-based assay can be 
performed with a standard spectrophotometer that is available in most 
laboratories, while the other assays need expensive equipment. Therefore, that 
was the method selected to be used for the clavulanic acid measurements in this 
work. 
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Figure 11. Comparison of the four assays' linearity. A fluorescence -based assay 
(n=l); 0 kinetics-based assay (n=3); N LC-MS-based assay (n=2); 0 UV-based 
assay (n=l). 
UV-based Fluorescence-based LC-MS-based Kinetics-based 
Linearity (R 2)* 0.99 0.96 0.98 0.98 
Sensitivity good satisfactory satisfactory satisfactory 
Derivatisation? yes yes no es______ 
cost, low very low high very low 
Elaborate? yes no no no 
up to 1 mM of clavulanic acid 
provided that the necessary equipment is available 
Table 1. A summary of the characteristics of each assay for measuring clavulanic acid. The 
convolution of each method is determined by the necessity for an incubation step, 
DreDaration of control samDles and use of potassium clavulanate for preparation of standard 
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